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Abstract 
Bone as such displays an intrinsic regenerative potential following fracture; however, this 
capacity is limited with large bone defects that cannot heal spontaneously. The management 
of critical-sized bone defects remains a major clinical and socioeconomic need; thus, 
osteoregenerative biomaterials are constantly under development aiming at promoting and 
enhancing bone healing. Measuring the biomechanical response of regenerated bone at 
different dimensional scales is crucial in order to assess its mechanical performance and 
overall structural response, ultimately validating different treatments applied to restore bone 
within the defect site.  
The major aim of this PhD project was to combine high-resolution X-ray micro-computed 
tomography (microCT) biomechanical imaging and digital volume correlation (DVC) to newly 
formed bone structures in order to provide a detailed characterisation of bone formation, 
mechanical competence and deformation mechanisms at tissue level following use of 
different biomaterials in critical-sized bone defects. A methodological approach was 
developed to extract full-field deformation of bone at tissue level based on synchrotron 
radiation (SR)-microCT. This was achieved through an optimisation of image postprocessing 
and DVC settings that provided reliable displacement and strain measurements at tissue 
level to investigate the micromechanics of trabecular bone structures and bone-biomaterial 
systems. In addition, the effect of SR on bone integrity was assessed and experimental 
protocols were established for a safer and more reliable application of in situ SR-microCT 
experiments aiming at minimising the irradiation-induced tissue damage.  
The defined methods were then used for the investigation of the micromechanics of bone-
biomaterial systems and newly formed bone in vivo after the application of osteoconductive 
and osteoinductive biomaterials. Microdamage initiation and propagation at the bone-
biomaterial interface was identified, indicating that the resorption rate and osteoinduction 
properties of bone grafts may be as beneficial as the original stiffness of the scaffolds for an 
efficient micromechanics in vivo. Furthermore, the mechanical adaptation of bone structure 
at an early stage of bone regeneration was demonstrated irrespective of the implanted 
biomaterial in the bone defect.  
In conclusion, the experimental approaches herein presented have shown to be 
advantageous for investigating the local mechanics of bone tissue during the healing 
process in relation to the regeneration achieved in vivo for a variety of biomaterials. 
Moreover, results suggest that enhanced osteoinductive biomaterials offering a controlled 
release of growth factors could be successfully adopted for the treatment of critical-sized 
bone defects. 
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Resumen 
El tejido óseo presenta un gran potencial de regeneración tras su fractura; sin embargo, esta 
capacidad está limitada en defectos óseos de gran tamaño que no pueden regenerarse por 
sí mismos. El tratamiento de defectos de tamaño crítico continúa siendo un gran problema 
clínico y socioeconómico, por tanto, biomateriales osteoregenerativos se encuentran 
constantemente en desarrollo con el objetivo de promover la reparación ósea. La evaluación 
de la respuesta biomecánica del hueso regenerado en varias escalas dimensionales es 
decisiva para valorar la competencia mecánica y la respuesta general de la estructura ósea, 
validando así los tratamientos aplicados para restaurar el hueso en el lugar del defecto. 
El principal objetivo de esta tesis es la combinación de microtomografía computarizada 
(microCT), ensayos biomecánicos y correlación digital de volúmenes (DVC) en estructuras 
óseas recientemente constituidas para proporcionar una caracterización detallada de la 
formación ósea, la competencia mecánica y los mecanismos de deformación a nivel tisular 
tras la aplicación de diferentes biomateriales en defectos óseos de tamaño crítico. Para este 
propósito se ha desarrollado una metodología para la obtención del campo completo de 
deformaciones en el tejido óseo basado en microCT mediante radiación sincrotrón (SR). 
Dicha metodología se ha logrado mediante una optimización del postproceso de imágenes y 
los parámetros de la DVC, proporcionando medidas fiables de desplazamiento y 
deformaciones a nivel tisular para la posterior investigación de la micromecánica de 
estructuras de hueso trabecular y sistemas hueso-biomaterial. Asimismo, se ha evaluado el 
efecto de la SR en la integridad del tejido óseo, estableciendo protocolos experimentales 
para una aplicación más segura y responsable de experimentos in situ basados en microCT 
mediante SR, con el objetivo de reducir el daño inducido en el tejido óseo por irradiación. 
Los métodos definidos se han usado en la investigación de la micromecánica de sistemas 
integrados por hueso y biomateriales, así como estructuras óseas recién formadas in vivo 
tras la aplicación de biomateriales osteoconductores y osteoinductores. Se ha identificado el 
inicio y la progresión del daño en la interfase entre hueso y biomaterial, indicando que el 
grado de resorción y las propiedades osteoinductivas de los injertos óseos pueden ser más 
favorables que la rigidez inicial del implante para una mecánica eficiente in vivo. Igualmente, 
se ha demostrado la adaptación mecánica de la estructura ósea en la etapa temprana de 
regeneración, independiente del biomaterial implantado en el defecto óseo. 
Finalmente, se ha mostrado que las estrategias experimentales presentadas son 
beneficiosas para la investigación de las propiedades mecánicas locales en el tejido óseo 
durante el proceso de reparación en relación con la regeneración conseguida in vivo por la 
acción de biomateriales.  Los resultados presentados sugieren que los biomateriales 
osteoinductivos mejorados que promueven una liberación controlada de factores de 
crecimiento podrían adoptarse en el tratamiento de defectos óseos de tamaño crítico 
satisfactoriamente.  
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1.1. Thesis motivation 
Bone displays a unique capability to regenerate itself as part of physiological remodelling or 
in response to injury [1,2]. Opposite to other adult tissues that heal with the production of 
scar tissue, bone defects and fractures heal with new bone formation, which is continuously 
remodelled until the original site of injury is no longer observed [3]. However, not all fractures 
heal spontaneously, as the self-healing capacity of bone becomes more difficult with large 
bone defects [4]. Those defects are common and occur in many clinical situations including 
high-grade open fractures with bone loss, high-energy trauma, infection requiring 
debridement of bone and resection of bone tumours [5–7]. Bone is the second tissue 
transplantation worldwide, coming right after blood transfusion [8,9]. More than 2.2. million 
bone grafting procedures are performed annually worldwide in order to repair bone defects in 
orthopaedics, neurosurgery and dentistry [10,11]. This is even more important with the 
expected ageing society and the increase in activity up to older age, meaning that the 
number of patients undergoing these procedures will raise, as well as the associated costs in 
treating those patients [12,13]. Despite the profound clinical and economic impact, the 
treatments of bone defects remain controversial, especially when the defect is critical sized 
[5,7].  
Clinically, the most common strategy to treat critical-sized bone defects is the use of 
autografts (i.e. harvesting bone form another location in the same patient) [14,15]. While 
biologically ideal, allografts present important limitations such as limited supply and donor 
site complications [16,17]. Grafts from bone banks or other animal species are still subjected 
to risks, such as immunological reactions or disease transmission [18,19]. To address these 
drawbacks, numerous alternatives have been brought by the emergence of novel tissue 
engineering strategies during the past decades [20,21]. Consequently, the use of natural 
grafts in bone grafting procedures have shifted towards synthetic bone substitutes and 
biological factors [9]. Among those alternatives, calcium phosphate based biomaterials and 
bone morphogenetic proteins (BMPs) are most widely used, often combined [9,22–25].  
Whereas synthetic bone substitutes are generally only osteoconductive and mainly being 
applied in reconstruction of large defects, bone morphogenetic proteins are basically 
osteoinductive, with the capability of enhancing the fracture healing [25,26]. 
One of the main gaps in the field of biomaterials for bone regeneration concerns the 
successful translation of the product design into clinical practice. In fact, different 
experimental methodologies are being used to test such materials and compositions in terms 
of biocompatibility and bioactivity in vitro, as well as the characterisation of bone 
regeneration and biomaterial resorption in vivo [27–31]. However, a multidisciplinary 
approach involving the standardisation of in vitro and in vivo performance of biomaterials and 
consequent regenerated bone quality is still missing. In that context, the application of in vitro 
testing protocols to newly formed bone produced in vivo and harvested from the defect sites 
at selected time points would benefit the translation of biomaterials design (i.e. 
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biocompatibility, bioactivity) into the osteoregeneration that can be achieved in vivo. 
Particularly, a comprehensive biomechanical evaluation of the bone regeneration process 
following different applied treatments will provide novel and essential information on the 
ability of those materials in producing bone that is comparable with the native tissue that they 
are meant to replace. This approach will therefore benefit the translation into clinic and the 
improvement of bone tissue regeneration strategies, which will ultimately replace the 
autogenous graft in several clinical situations, reducing cost, time and surgeries 
complications [12,13]. 
Biomechanical testing can be used to determine a number of parameters to mechanically 
characterise the integrity of bone (i.e. stiffness, strength) and provide information on global 
bone failure [32–36]. However, when an understanding of the relationships between 
microstructure and mechanics is needed, direct mechanical tests are not sufficient. The 
combination of mechanical testing and X-ray micro-computed tomography (microCT), known 
as in situ microCT, has allowed the direct three-dimensional (3D) evaluation of bone 
deformation and has enhanced the knowledge of how the microstructure influences bone 
damage [37–39]. Additionally, in conjunction to digital volume correlation (DVC), full-field 
displacement and strain measurements within the internal bone volume can be analysed 
[40,41]. In fact, DVC remains the only experimental-based method able to provide 3D strain 
distribution in bone. However, despite its extensive use in bone mechanics (i.e. trabecular 
bone [42], cortical bone [43], whole bones [44,45]), the application to newly formed bone 
induced in vivo, following different tissue engineering strategies has never been proposed.  
In order to provide a detailed characterisation of bone regeneration and its deformation 
under different loading scenarios, high-resolution microCT images are needed. Only then, ex 
vivo bone-biomaterial interfaces during the healing process and/or remodelling of woven 
bone could be resolved in sufficient detail. Conventional laboratory-based X-ray microCT 
systems are a useful tool to assess bone density, mineralisation and microarchitecture 
[46,47]. However, the evaluation of smaller features within the tissue, such as osteocyte 
lacunae, bone-biomaterial interfaces and microcracks cannot be properly resolved without 
the requirement of long acquisition times. This represents a significant problem when X-ray 
imaging is combined with in situ mechanical experiments and multiple tomographic datasets 
are to be collected. In this perspective, high-energy synchrotron radiation (SR)-microCT has 
become a powerful technique able to combine fast imaging and high spatial resolution to 
resolve small features within the bone tissue [48–50]. Moreover, DVC applied to laboratory-
based microCT systems cannot provide precise strain measurement within the tissue, but 
only if several bone structural units (BSUs) are included [51]. DVC based on SR-microCT 
high resolution images has recently shown great potential for the computation of reliable 
measurements within the BSUs [51,52], which would ultimately benefit the translation of full-
field strain measurements from apparent to tissue level within bone structures. However, the 
application of DVC to investigate 3D displacement and strain measurements at tissue level is 
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still very recent; thus, there is a clear need to define a methodological approach to provide 
accurate and precise full-field measurements obtained from high-resolution images. This is 
particularly important for regenerated bone, with or without the presence of biomaterials, 
which needs to provide mechanical stability within the defect site. A reliable estimation of the 
internal distribution of local properties (i.e. displacements and strains) will allow the 
characterisation of such highly heterogeneous bone constructs.  
Therefore, an evaluation of the initiation and progression of microdamage in newly formed 
bone, and bone-biomaterial interfaces could be better investigated when combining in situ 
SR-microCT mechanics and DVC. This will enhance the understanding of the 
osteoregeneration and biomechanical competence that novel biomaterials may induce in 
vivo, allowing to better predict the long-term bone healing process following bone tissue 
engineering strategies. Unfortunately, the high flux density of synchrotron X-ray radiation 
induces damage in bone tissue as a consequence of collagen degradation [53,54]. 
Therefore, prior to the application of in situ SR-microCT mechanics to newly regenerated 
bone structures, it remains essential to define some guidelines in order to preserve bone 
tissue integrity during such experiments. 
1.2. Specific aims 
The ultimate goal of this thesis is to combine X-ray biomechanical imaging and digital 
volume correlation (DVC) to newly regenerated bone structures in order to provide a deeper 
insight on bone regeneration, mechanical competence and deformation mechanisms 
following different tissue engineering strategies. Distinct biomaterials implanted in critical-
sized bone defects are known to influence the bone healing process, and consequently, the 
achieved newly formed bone morphometry, mineralisation and mechanics. Thus, the design 
of novel biomaterials will benefit from the 3D ex vivo structural and mechanical analysis 
herein  presented. In short, in situ microCT mechanics and DVC will be applied, for the first 
time, to newly formed bone produced in vivo in critical bone defects following the 
implantation of osteoregenerative biomaterials. To do so, a mandatory step will be to define 
a comprehensive methodological approach, able to determine the reliability of DVC at tissue 
level based on high-resolution microCT images. Additionally, experimental protocols will be 
fine-tuned for the application of in situ SR-microCT mechanics to bone tissue aiming at 
minimising the irradiation-induced damage. Finally, the developed methodological approach 
will be used to investigate the micromechanics of bone-biomaterial systems and newly 
formed bone in vivo. 
Specifically, the following three aims are defined: 
Aim 1: Development of a methodological approach for full-field strain investigation of bone 
at tissue level.  
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Aim 2: Establishment of experimental protocols able to preserve bone tissue integrity during 
in situ SR-microCT mechanics. 
Aim 3: Investigation of three-dimensional deformation mechanisms of bone-biomaterial 
systems and new regenerated bone produced in vivo, following implantation of 
osteoregenerative biomaterials. 
1.3. Outline of the thesis 
The thesis is structured into six chapters. In addition to the current chapter in which thesis 
motivation and specific aims are presented, the content of the subsequent chapters is as 
follow: 
- Chapter 2 provides the required scientific background for this thesis. Firstly, bone as an 
organ is described with regards to its morphology, composition and development in normal 
conditions and following fracture. Further, a short overview of critical-sized bone defects and 
its clinical relevance in orthopaedics is presented. Most commonly used bone grafts and 
biomaterials for bone defect repair are reviewed, as well as the different techniques 
employed to biomechanically evaluate bone regeneration process. High-resolution X-ray 
imaging is then introduced, together with the generic principles of X-ray computed 
tomography (CT) and the description and experimental setup for both laboratory- and 
synchrotron-based microCT systems. Finally, the experimental approaches employed for the 
mechanical characterisation of bone regeneration, in situ mechanical testing and DVC, are 
described together with the state-of-the-art in the application to bone mechanics. 
- Chapter 3 describes the DVC approach used in the course of this PhD project. A detailed 
description of its application to SR-microCT images of trabecular bone and bone-biomaterial 
systems is presented, together with the operating principles of the DVC algorithm. An 
optimisation of image post-processing and DVC settings is performed in order to enhance 
DVC-computed displacements/strains based on ‘zero-strain’ repeated SR-microCT scans, 
providing reliable full-field measurements at tissue level. 
- Chapter 4 contains two methodological approaches aiming at preserving bone tissue 
integrity during in situ SR-microCT experiments. Firstly, the effect of SR X-ray radiation on 
the mechanical integrity of trabecular bone is assessed using in situ mechanical testing and 
DVC following variable exposure times to SR irradiation. Additionally, a simulation of the 
radiation dose delivered to bone specimens is computed to assess the combination of local 
irradiation and mechanical strain concentration on bone-induced damage. Secondly, a proof-
of-concept methodology in presented based on the determination of DVC-computed residual 
strains in cortical and trabecular bone specimens exposed to SR irradiation either at room 
temperature or 0°C. The effect of the environmental temperature during in situ SR-microCT 
studies on bone tissue integrity is assessed, as well as the characterisation of irradiation-
induced microcracks in the tissue.   
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- Chapter 5 presents the application of in situ X-ray biomechanical imaging and DVC for the 
investigation of the 3D deformation mechanisms in newly regenerated bone following the 
implantation of osteoregenerative biomaterials in critical-sized bone defects in vivo (ovine 
model). Specifically, the first section of the chapter describes the full-field strain distribution 
at the bone-biomaterial interface, in relation to the newly formed bone produced in vivo after 
the implantation of osteoconductive commercial grafts in the defect site. DVC is applied to 
high-resolution SR-microCT images to evaluate the internal strain and microdamage 
evolution of bone-biomaterial systems under step-wise compression. The second section of 
the chapter presents a detailed analysis of the 3D internal strain for bone regeneration in 
bone defects treated in vivo with osteoinductive biomaterials. High-resolution microCT, in 
situ step-wise compression and DVC are combined to evaluate the bone mineral density 
distribution, morphometry and load transfer response following different treatments. 
- Chapter 6 includes the overall synthesis of the thesis. The thesis content is summarised 
with its major research contributions and findings. The societal impact of the research is 
discussed together with the limitations of the presented work. Finally, the chapter is 
concluded with an outlook on future work. 
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2.1. Bone 
Bone is the main constituent of the skeletal system, important to the body both mechanically 
and metabolically, and differs from the other connective tissues forming the skeleton in 
rigidity and hardness [1].  Mechanically, bone enables the skeleton to maintain the shape of 
the body, to protect vital organs, to supply the framework for the bone marrow and to 
transmit the force of muscular contraction from one part of the body to another during 
movement. Metabolically, the high mineralisation of the bone matrix serves as a reservoir for 
ions, particularly calcium and phosphate [1,2]. Bone is a unique material, capable of 
adapting to a variety of environmental stimuli to fulfil specific demands [3,4]. 
2.1.1. Bone morphology 
Bones can be divided in four general categories according to their shape: long bones, short 
bones, flat bones and irregular bones. The macroscopic morphology of bone is well 
represented in long bones (Figure 1). A typical adult long bone consists of a central 
cylindrical shaft (diaphysis) and two wider and rounder ends (epiphyses). The diaphysis and 
epiphyses are connected by conical regions (metaphysis). Most long bones have their ends 
wider than their central part, because the ephiphyseal and methapyseal bone supports the 
articular cartilage that covers the joints at the ends [5].  
 
  Figure 1. Schematic diagram of a typical long bone (femur). Adapted from [6]  under license CC 
BY 4.0.  
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At the macroscopic scale, bone tissue is arranged in two architectural forms: cortical or 
compact bone; and trabecular or cancellous bone. The diaphysis is composed mainly of 
cortical bone, while the epiphysis and metaphysis contain mostly trabecular bone with a thin 
shell of cortical bone (Figure 2). During growing, the epiphysis and metaphysis are 
separated by a plate of cartilage known as the growth plate. The growth plate and the 
adjacent trabecular bone in the metaphysis constitutes a region where trabecular bone 
production and longitudinal growth of bone occur. In the adult, the growth plate has been 
replaced by trabecular bone, which caused the fusion of the epiphysis and metaphysis [1,5]. 
 
Figure 2. Trabecular and cortical bone distribution in the proximal femur. Adapted from [7] with 
permission. Copyright (2006) Springer Nature. 
Cortical bone is dense and solid with only microscopic channels (i.e. Haversian canals) and 
an overall porosity of ~10%. Approximately 80% of the adult human skeleton is cortical bone, 
which forms the outer wall of all bones and which is largely responsible for the supportive 
and protective function of the skeleton. The remaining 20% of the bone mass is trabecular 
bone, which is found in the internal parts of the skeleton. Trabecular bone appears as a 
network of small, interconnected plates and rods called trabeculae, with relatively large 
spaces between them, having a porosity between 50% and 90% [1,2,5].  
The outer surface of most bone is covered by the periosteum, a fibrous connective tissue 
sheath that surrounds the outer cortical surface of bone and an inner cellular layer of 
undifferentiated cells. The periosteum protects and aides in bone formation, playing an 
important role in appositional growth and fracture healing. The inner surface of cortical bone, 
trabecular bone and the blood vessels canals present in bone are covered by the 
endosteum. The endosteum is a membranous structure containing blood vessels, 
osteoblast, osteoclasts and bone-lining cells [1,8]. 
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At the microscopic scale, mammalian bone can be structurally classified into woven and 
lamellar bone (Figure 3). Woven bone is rapidly deposited during periods of rapid growth or 
rapid bone production. Its collagen is fine-fibre and oriented almost randomly [9]. It then 
becomes highly mineralised [10], providing a provisional material that is eventually resorbed 
and replaced by lamellar bone. Lamellar bone is laid down much more slowly, having a more 
defined structure, which is built up of a unit layer called lamellae. In the lamellae, the 
collagen is arranged in thicker bundles than in woven bone [4]. 
 
Figure 3. Bone tissue types classified on the basis of collagen fiber matrix organisation  [12], 
imaged in circularly polarised light. Lamellar bone is a slow-forming tissue type characterised by 
a highly ordered arrangement; the optical distinct ion of individual layers, or lamellae, is the 
result of regular changes in the preferred orientation of collagen fiber bundles. Woven bone is a 
rapidly forming tissue type, characterised by loosely packed collagen fibers coursing in all 
directions in a more or less random arrangement. Parallel-fibered bone presents an 
intermediate arrangement in its collagen fiber organisation. Fibro-lamellar bone is classically 
deposited as in initial framework of fine trabeculae of woven bone; the intervening trabecular 
spaces are later in-filled by deposition of lamellar bone, forming primary osteons. Scale bar = 
0.1 mm. Adapted from [11,12] with permission. Copyright 2016 Elsevier. 
The fundamental structural unit of cortical bone is the osteon or Haversian system (Figure 4). 
At the centre of each osteon there is a small channel, called a Haversian canal, which 
contains blood vessels and nerve fibres. The osteon itself consists of circular rings of 
lamellar (concentric lamellae) of mineralised matrix surrounding the central canal. Angular 
fragments of lamellar bone (interstitial lamellae) may exist between the osteons and these 
represent former osteons or primary bone. On the periosteum and endosteum of cortical 
bone, large layers of lamellae (circumferential lamellae) may be found, associated with bone 
growth on these specific surfaces. Transverse canals (Volkmann canals), connect the 
Haversian canals allowing the communication between the periosteum and bone marrow. 
The outer border of each osteon is surrounded by a cement line, which is a thick layer (0.5 – 
1 µm) of mineralised matrix, deficient in collagen fibres [13]. Throughout woven and lamellar 
bone, small cavities (lacunae) containing entrapped bone cells (osteocytes) are visible. 
Microscopic tubular canals (canaliculi) connect the lacunae to each other and to the 
Haversian canals [1,2,14].  
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Figure 4. Diagram of a portion of a long bone shaft containing histological details of cortical 
bone. (Copyright © 2011 Wolters Kluwer Health | Lippincott Williams & Wilkins).  
Trabecular bone is characterised by the absence of Haversian systems and its tissue is 
formed by a mosaic of angular segments of parallel sheets of lamellae, preferentially aligned 
with the orientation of the trabeculae (Figure 5). The angular grouping of lamellae is called 
trabecular packet and defines the structural unit of trabecular bone. As in the cortical bone, 
cement lines hold the trabecular packets together. The density and orientation of trabecular 
bone is related to the anatomical site and aligned to the loading regime experienced locally 
[15]. 
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Figure 5. Surface of a sectioned trabecular bone feature viewed by quantitative backscattered 
imaging. Individual bone packets of different gray-levels, separate by thin bright cement lines, 
can be seen. The numbers indicate the average mineral content given in volume % within bone 
packets. The bone packets with the lowest mineral content corresponds to fresh bone formation, 
to the period of primary mineralisation, whereas others correspond to different time points of 
secondary mineralisation. Adapted from [16] with permissions. Copyright (2004) Royal Society 
of Chemistry. 
2.1.2. Bone composition 
The composition of bone varies with age, anatomical location, health condition and diet. In 
general, mature healthy bone consist of 50-70 vol% mineral, 20-40 vol% organic matrix, 5-10 
vol% water and 1-5 vol% lipids [17]. The mineral phase of bone is usually presented in the 
form of small crystals in the shape of needles, plates and rods. Bone mineral is mainly 
impure hydroxyapatite (HA), containing constituents such as carbonate, sodium, potassium, 
citrate, magnesium, fluoride, and strontium. The organic matrix of bone is primarily 
composed of type I collagen (90%) and non-collagenous proteins (10%). Collagen aligns and 
creates three-dimensional frameworks into and onto which mineral crystals form (Figure 6) 
[17,18].  
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Figure 6. Schematic diagram illustrating the assembly of collagen fibrils and fibers and bone 
mineral crystals. Adapted from [19] with permission. Copyright (1998) Elsevier. 
2.1.3. Bone cells 
Bone absorption and remodelling are the primary functions of bone cells, which in turn 
originate from two cell lines: mesenchymal stem cells (MSCs) and hematopoietic stem cells 
(HSCs). The major cellular elements of bone include osteoclasts, osteoblasts, osteocytes 
and bone-lining cells (Figure 7).  Osteoblasts are bone-forming cells that secrete several 
proteins that are present in the bone matrix, such as collagen I, and promote bone 
mineralisation. Osteoclasts are responsible for bone resorption and they balance the intricate 
processes of formation, maintenance and destruction of bone tissue. Osteocytes are the 
most abundant cell type in mature bone and they are formed from osteoblasts that have 
been entrapped during bone formation. Osteocytes play a key role in homeostatic, 
morphogenetic, and restructuring processes of bone mass. Additionally, they serve as a 
mechanical or damage sensor to initiate bone remodelling and repair. Bone-lining cells cover 
the majority of bone surface and they are derived from inactive osteoblasts. Bone-lining cells 
are able to release enzymes to remove the layer of osteoids covering the mineralised bone 
matrix, allowing osteoclasts to attach and begin resorption [1,8,20]. 
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Figure 7. Classification of bone cells based on source, resorption and formation function. 
Adapted from [21] with permission. Copyright (2012) Springer Nature. 
2.1.4. Bone growth, modelling and remodelling 
Bone undergoes longitudinal and radial growth, modelling and remodelling during life. 
Longitudinal and radial growth takes place during childhood and adolescence. Longitudinal 
growth occurs at the growth plates, where cartilage proliferates in the epiphyseal and 
metaphyseal areas of long bones, before subsequently undergoing mineralisation to form 
primary new bone. Longitudinal growth adds new trabecular bone to pre-existing trabeculae 
and new length of cortical bone to pre-existing cortex, whereas radial growth adds new width 
by the apposition of sub-periosteal bone to the cortex [5,22]. 
Growth and modelling go side by side. During growth, periosteal bone is formed faster than 
endosteal bone removal. Together, modelling leads to an increasing of the outside of cortex 
and marrow cavity diameters, shaping the ends of long bones and drifting the trabeculae and 
cortices. Modelling allows not only the development of normal architecture during growth, but 
also the modulation of the overall bone shape in response to physiological influences or 
mechanical condition changes [1,23,24]. 
Bone remodelling is a lifelong process wherein bone is renewed to maintain bone that is 
mechanically and metabolically competent. Remodelling involves the replacement of 
Bone 
  20 
immature (primary) and old bone by resorption, followed by the formation of new lamellar 
bone. Remodelling serves to remove microdamage, replace dead and hypermineralised 
bone and adapt the microarchitecture to local stresses. Bone turnover preserves mechanical 
strength by replacing older, microdamaged bone with newer healthier bone and it also helps 
to regulate calcium and phosphate homeostasis [22,24,25]. 
2.1.5. Bone healing 
Bone adaptability allows for efficient repair, which in turn helps to prevent bone fracture. 
However, the emergence of a load exceeding bone strength, or the accumulated damage 
under cyclic activity of loads (well below bone strength) at a rate that cannot be repaired, 
unavoidably cause bone fracture [26–28]. Following fracture, bone shows a remarkable 
ability to build a repair process that not only restores the mechanical integrity, but also the 
anatomical configuration with little or no evidence of scar tissue formation [29]. This has the 
advantage that no residual stress concentration remains and the strength of the bone returns 
to pre-fracture values [26,29,30].  
Bone fracture repair occurs either by primary (direct) bone healing, where the fracture gap 
ossifies via intramembranous bone formation without external callus [29,31,32], or secondary 
(indirect) bone healing, where a multistage process of tissue regeneration stabilizes the bone 
with an external callus and repairs the fracture via endochondral ossification [29–34]. 
Primary bone healing mainly happens when the fracture gap is less than 0.1 mm and the 
fracture site is rigidly stabilised [35–38]. During primary fracture healing, the fractured 
cortices repair directly by continuous ossification and subsequent osteonal remodelling with 
the absence of cartilaginous or connective tissue [29,39]. 
Secondary fracture healing is the most common form of bone healing and occurs when the 
fracture edges are less than twice the diameter of the injured bone [38]. In general, 
secondary bone healing involves a sequence of events such as blood clotting, inflammatory 
response, fibrocartilage callus formation, intramembranous and endochondral ossification, 
and bone remodelling (Figure 8) [29,40,41]. During this type of healing bone forms from the 
periosteum and endosteum to produce hard callus. The fracture haematoma undergoes a 
process of tissue differentiation through granulation tissue, fibrous tissue, fibrocartilage and 
hyaline cartilage, which then forms woven bone that remodel to the definitive tissue of 
lamellar bone [41,42]. These phases involve the coordinated activity of different cell 
populations that proliferate, differentiate and synthetise extracellular matrix components. 
This cellular activity is spatially and temporally coordinated by a variety of growth factors and 
other regulatory molecules [26,29,30,43]. The initial repair is rapid, although the contour of 
the bone shows the bulge of callus for an extended period of remodelling [29,37].  
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Figure 8. Illustration of a typical process of secondary bone healing showing the biological 
events and cellular activities at different phases. The time-scale of healing is equivalent to a 
mouse closed femur fracture fixed with an intramedullary rod. Adapted from [40] with 
permission. Copyright (2014) Springer Nature. 
2.2. Critical-sized bone defects 
Despite the intrinsic capacity of bone to regenerate and self-repair as part of physiological 
remodelling, this ability is limited to small fractures [44]. The native healing potential of bone 
is occasionally insufficient for reasons such as smoking [45,46], malnutrition [47], congenital 
disease [48] or large defects resulting from tumour resections [49,50] or trauma [51] and, 
therefore, therapeutic solutions need to be applied to promote healing [44,52–54].  
Bone defects that exceed a size that can naturally heal are known as critical-sized bone 
defects and represent a specific type of non-union [55,56]. The classical definition of critically 
sized segmental bone defect is ‘the smallest osseous defect in a particular bone and species 
of animal that will not heal spontaneously during the lifetime of the animal’ [55] or ‘shows 
less than 10% bone regeneration during the lifetime of the animal’ [57].  Even if the defect 
size is not the unique parameter used to define a bone defect as critical [58], it has been 
found that, in most species, bone loss exceeding two times the diameter of the affected bone 
is unlikely to result in union despite appropriate stabilization methods [59,60].  
The overall incidence of critical-sized bone defects is low. For instance, it is estimated that 
10% of bone fractures in the United States result in impaired or incomplete bone healing, 
known as delayed and non-union, respectively [60–62]. However, the non-union caused by 
such defects can highly influence the quality of patient’s life, as they frequently lead to 
secondary complications including morbidity and functional limitations [63,64]. In order for a 
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large defect to be functionally restored, a surgical intervention is required to attempt bridging 
the affected area. Bone grafting is one of the most commonly used surgical methods to 
augment bone regeneration in orthopaedic procedures [65,66]. In fact, of the 20 million 
people affected by a lack of bone tissue annually worldwide, about 5 million cases require 
orthopaedic intervention, with grafting procedures representing about 60% of these 
interventions [67–70]. With an ageing society and an increase in activity even up to older 
age, an increase in patients affected by non-union fractures is expected, with associated 
rising costs of €37 billion for 3.5 million osteoporotic fractures in the European Union [71,72]. 
Thus, from both a quality of life and socio-economic perspectives, bone grafts providing fast 
and efficient bone restoration following fracture are beneficial [73]. 
2.3. Bone grafts and biomaterials for bone regeneration 
Bone substitutes mainly serve as combined functions of mechanical support and 
osteoregeneration and they differ in terms of their biological properties such as 
osteoconduction, osteoinduction and osteogenesis, as well as osteointegration and structural 
support [66,74]. Osteoconduction refers to the ability to provide an environment capable of 
hosting osteoblast and osteo-progenitor cells and allow the migration and ingrowth of these 
cells within the three-dimensional architecture of the graft [75,76]. Osteoinduction describes 
the process of recruitment, proliferation and differentiation of primitive MSCs into the bone-
forming cell lineage (i.e. osteoblasts) by which osteogenesis is induced [77–79]. 
Osteogenesis means the osteo-differentiation and subsequent new bone formation by donor 
cells derived from either the host bone or the graft [60,80]. Besides these three properties, 
bone grafts are sometimes required to provide osteointegration and structural support in 
order to promote bone tissue formation around the graft without the formation of fibrous 
tissue [66,74]. 
The primary approaches to bone grafting include natural and/or synthetic bone grafts [66,74]. 
More recently, to improve clinical outcomes, tissue engineering strategies have been applied 
to develop a number of growth-factor-based products [62,69,81]. 
2.3.1. Natural bone grafts 
Natural bone grafts involve autografts and allografts. Autologous bone grafts remain the 
clinical ‘gold standard’ in orthopaedics [61,82] for bone defect repair because they contain 
growth factors for osteoinduction, cells for the osteogenesis and the framework for 
osteoconduction [83]. Autologous means that the bone is removed from the patient’s own 
body, often from the iliac crest, skullcap, mandible or tibia [82]. Even though autograft 
transplantation does not lead to immunogenic response [82,84], it presents limited source 
once a donator area is requited, donor site morbidity [85,86] and it is often associated with 
high surgical risk and a failure rate up to 30% [87]. One solution to overcome limited supply 
and donor site morbidity is the use of allogeneic bone sources.  
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Allografts refer to bone tissue that is harvested from human cadavers that have the 
advantage of being osteoconductive and osteoinductive, while being available through 
regional tissue banks in a variety of sizes and shapes [88]. They are considered the best 
alternative to autografts and have been effectively used in clinical practice in many 
circumstances [89–93], especially for those patients with poor healing potential, established 
non-union and extensive comminuted or pulverised fractures [66,83]. The allograft may be 
machined or customised and it is available in a variety of forms, including cortical, cancellous 
and highly processed bone derivatives (i.e. demineralised bone matrix) [62,66,74]. However, 
allograft treatments are associated with risk of rejection and viral transmission [94–97]. While 
tissue processing and sterilization through freezing or gamma irradiation virtually eliminates 
the possibility of disease transmissions, irradiation causes a number of adverse effects on 
tissue properties such as weakening [98–101]. 
2.3.2. Synthetic bone graft substitutes 
The shortage of natural bone grafts and therefore the chance of meeting the demands in an 
aging population has driven the research on synthetic bone graft substitutes, focusing on 
finding safer, cheaper and easier biomaterials for bone regeneration. Table 1 summarises 
the different groups of bone substitutes: natural and synthetic biodegradable polymers, 
ceramics, including bioglasses, metals and composites, with their advantages and 
disadvantages. Among them, calcium sulphate, calcium phosphate ceramics and bioactive 
glass are the most popular synthetic bone substitutes currently available.  
Calcium sulphate has been used as bone void filler since the late 1980s [102]. It has 
resorbable osteoconductive properties due to its three-dimensional structural framework, 
which is useful for angiogenesis and osteogenesis; however, it lacks osteogenic and 
osteoinductive properties [103,104]. Calcium sulphate has a rapid resorption rate and weak 
internal strength, which means that it can only be used to fill small bone defects with rigid 
internal fixation [88,97]. The ingrowth of vascular and new bone happens in conjunction with 
the resorption of the graft, which is fully dissolved within 6-12 weeks [74]. 
Calcium phosphate ceramics, such as tricalcium phosphate (TCP) and hydroxyapatite (HA) 
are constituted by calcium hydroxyapatites, in a chemical composition similar to the mineral 
phase of calcified tissues [105]. They are usually produced by sintering at high temperatures 
with the exclusion of water vapor and moulded by high pressure compaction. They are 
commonly commercialised as porous implants, non-porous dense implants and granular 
particles with pores [97]. Due to their excellent osteoconductive properties, calcium 
phosphate ceramics have been experimented extensively in clinical studies [106–109]. The 
osteoconductive properties of these materials depend on the pore size, porosity and 
degradation potential of the bone substitute, which is strictly related to the calcium-to-
phosphate ratio [66,105,110]. The optimal pore dimension for ingrowth of new bone is 
between 150 and 500 µm in size (macroporosity), and both HA and TCP ceramics offer a 
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suitable macroporous structure to enhance new bone ingrowth [111–113]. Calcium 
phosphates generally provide limited biomechanical support due to their low tensile and 
shear resistance [105,114]. TCP ceramics are useful for filling bone defects caused by 
trauma and benign tumours but they are not indicated in large bone defects due to their  
unpredictable biodegradation profile (from months to years) [115]. HA has been used 
successfully in larger bone defects; however, the difficulty in implantation, the long time 
required for complete integration and replacement by newly formed bone and the inability to 
fill irregular gaps limit its use [66,116]. 
Table 1. Bone grafting materials used for bone repair and regeneration: advantages and 
disadvantages. Adapted from [79] with permission. Copyright (2015) Elsevier. 
Bone grafting materials Advantages Disadvantages 
Polymers Natural –Biodegradability – Low mechanical strength 
– Biocompatibility – High rates of degradation 
– Bioactivity – High batch to batch 
variations – Unlimited source (some of 
them) 
   
Synthetic – Biodegradability – Low mechanical strength 
– Biocompatibility 
– High local concentration of 
acidic degradation products 
– Versatility  
    
Ceramics Calcium- 
sulphate 
and 
phosphate 
– Biocompatibility – Brittleness 
– Biodegradability – Low fracture strength 
– Bioactivity 
– Degradation rates difficult 
to predict 
– Osteoconductivity  
Bioglasses – Osteoinductivity (subject to 
structural and chemical 
properties) 
 
    
Metals – Excellent mechanical 
properties (high strength and 
wear resistance, ductility) 
– Lack of tissue adherence 
– Corrosion 
– Biocompatibility 
– Risk of toxicity due to 
release of metal ions 
  
Composites – Combination of the above – Combination of the above 
   
Bioactive glass, also known as bioglass, refers to a group of synthetic silicate-based 
ceramics constituted by sodium oxide, calcium oxide, silicon dioxide, phosphorous 
pentoxide, potassium oxide, magnesium oxide and boric oxide [117,118]. The key 
component, silicate, constitutes ~50% of its weight [119]. The optimised constitution of the 
bioglass lead to a strong physical bonding between the bioglass and the host bone 
[120,121]. Bioglasses display mainly osteoconductive properties and have few 
osteoinductive properties [79]. Additionally, the porosity and relative fast resorption rate in 
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the first two weeks of implantation allow the ingrowth of neo-vascularization following the 
deposition of new bone [122]. Like the other ceramics, the mechanical properties of bioglass 
are reported to be weak and brittle [66,105]. Hence, it has been mainly applied for 
craniofacial reconstructive surgery [123], dental trauma [118] and orthopaedic surgery, when 
combined with growth factors [124]. 
2.3.3. Growth factors on bone regeneration 
Most bone graft substitutes, especially ceramics, do not possess any osteoinductive 
properties and their ability to enhance bone healing mainly relies on their osteoconductivity 
[79]. To improve the clinical outcomes of biomaterials as bone grafts substitutes, new 
strategies rely on the application of osteoinductive compounds, such as growth factors, with 
osteoconductive carriers [62,69,81]. Growth factors play an essential role in bone 
regeneration, providing signals at the bone injury site and allowing progenitors and 
inflammatory cells to migrate and initiate the healing process [78,125,126]. The main families 
of growth factors involved in bone regeneration include fibroblast growth factors (FGFs), 
bone morphogenetic proteins (BMPs), vascular endothelial growth factors (VEGFs) and 
insulin-like growth factors (IGFs) [127]. Particular attention has been given to bone 
morphogenetic proteins (BMP), especially BMP-2 and BMP-7, which have been approved for 
clinical use in the US and Europe and present superior osteoinductive properties [128]. 
BMPs play an important role in the initiation of the bone fracture repair process and primarily 
act by triggering osteogenic differentiation of osteoprogenitors and MSCs recruited to the 
injured site [129,130]. BMP-2 is able to induce osteoblastic differentiation from MSCs and 
BMP-7 can directly promote angiogenesis [88]. Growth factors need to reach the injured site 
without loss of bioactivity and remain in the target location over the healing time-frame [131]. 
Therefore, efficient carriers for the delivery of growth factors are needed, able to control their 
release kinetics in order to optimise tissue formation [132]. Additionally, an optimal carrier 
must allow site-specific delivery of growth factors, have an ideal porosity to promote 
enhanced infiltration of cells, posterior vascular in-growth and should be easy to manufacture 
without losing bioactivity [131,133,134]. 
Collagen is marked as the ‘gold standard’ delivery system for BMPs, being the main organic 
component of bone and providing a structural matrix for bone regeneration. It can be used as 
a film, gel or sponge to provide osteoconductive properties that, together with its high affinity 
to BMPs, results in an ideal carrier for bone defect treatments [135,136]. Therefore, 
absorbable collagen sponges were among the first carriers for BMP-2 [137]. However, they 
present a number of drawbacks as their positioning is often difficult and secondary 
displacement may occur [138]. Collagen is quickly degraded in vivo, causing voids to 
develop within the new bone matrix due to its inability to provide a structure that lasts long 
enough to sustain cell migration [139]. Additionally, the use of collagen sponges is 
associated with an initial burst release of BMP-2 into the local environment [140], leading to 
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heterotrophic bone formation and activation of osteoclasts in the surrounding environment at 
high BMP-2 concentration, which may cause bone resorption [141,142]. 
Alternative carriers for the delivery of BMPs include synthetic polymers such as 
polycaprolactone (PCL), polyethylene glycol (PEG), polylactic-co-glycolic acid (PLGA) and 
natural polymers such as chitosan, silk fibroin, alginate, gelatin and hyaluronan, as well as 
composite materials combining the polymers with ceramics such as HA and TCP [62,69,81]. 
Additionally, micro- and nano-particle based delivery systems have been extensively used 
for a more precise and localised delivery and sustained release of BMPs [70,143]. Despite 
the intense research on the field, there are still major limitations in the use of biomaterials-
mediated delivery of growth factors, mainly related to the inadequate release profiles of the 
compounds [144] In fact, the rapid burst release of the BMPs often results in an inefficient 
strategy at longer healing times [145] and therefore, there is a clinical need for an optimal 
delivery system that provides a more reliable spatiotemporal control.  
2.4. Bone biomechanics 
The major function of bone is to form the skeleton, which provides support for the body and 
protection for vital organs. The mechanical properties of bone are influenced by its quantity, 
distribution and quality. Since bone is a dynamic tissue, structure and composition can adapt 
over time to withstand the forces imposed upon it [146]. The most commonly used 
experimental approaches for characterising the mechanical properties of bone can be 
divided based on four hierarchical levels (Figure 9, Table 2): whole bone, tissue, microscale 
and nanoscale testing [147].  
 
Figure 9. Schematic of bone structural hierarchy with the commonly used mechanical 
characterization technique at each length scale. Adapted from [147] with permission. Copyright 
(2018) Springer Nature. 
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Table 2. Summary of mechanical characterization techniques with outcome variables based on 
length scale and type of specimens. Adapted from [147] with permission. Copyright (2018) 
Springer Nature. 
Length 
scale 
Type of specimen Mechanical testing mode Outcome variables 
Whole 
bones 
Long bones, vertebra 
Bending, tension, 
compression, torsion, 
compression 
Extrinsic mechanical properties  
(i.e., structural stiffness, max load, 
work to fracture, fracture load) 
Tissue 
Cortical beam, 
dumbbell, dog bone, 
single-edged notched 
specimen (SEB), 
cancellous cores 
Tension, compression, 
torsion, bending fatigue, 
compression (static or 
cyclic) 
Intrinsic mechanical properties  
(i.e., Young’s modulus, yield, 
fatigue and ultimate strength, 
fracture toughness) 
Micro 
Cortical bone cubes 
up to 5 mm thick, 
cortical or trabecular 
bone slices 
Microscratch, 
microindentation, reference 
point indentation 
Material level properties  
(i.e. fracture toughness, hardness, 
modulus (elastic and reduced), 
elastic work, total work, total 
indentation distance, indentation 
distance increase) 
Nano 
Cortical or trabecular 
bone specimen 2–3 
mm thick, cortical or 
trabecular bone slices 
Nanoindentation, in situ 
testing (tension, 
compression, bending) 
Material level properties  
(i.e., hardness, modulus, fibril 
strain, mineral stress) 
 
The outcome mechanical properties from the above mentioned tests are influenced by the 
amount, distribution and composition of bone tissue, as well as the interactions between the 
primary constituents [19]. The mechanical properties of bone vary widely from cancellous to 
cortical bone (Table 3). Nevertheless, a good description of bone mechanics is important for 
the characterisation of bone and bone-biomaterial interactions in critical-sized bone defects. 
This is of fundamental importance for bone tissue engineering strategies aiming at promoting 
bone regeneration with the correct mechanical properties to match that of the host bone 
[148,149]. 
2.4.1. Biomechanical evaluation of bone regeneration 
In the field of orthopaedics, it is vital to evaluate the in vivo competence of the regenerated 
bone in order to validate the different treatments used for bone regeneration in critical bone 
defects. Traditionally, the in vivo performance of the biomaterials used for bone 
augmentation in terms of new bone formation, remodelling, biomaterial resorption and local 
biological effects is assessed using microCT and histology at selected end-points. Bone 
formation and biomaterial resorption can be examined in great detail using in vivo microCT, 
providing a unique insight of the implantation site at different time points. However, in vivo 
microCT resolution is limited [150] and a quantitative analysis remains difficult. Therefore, ex 
vivo analysis of new regenerated bone are commonly used to evaluate the efficacy of new 
biomaterials in bone defects healing. 
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Table 3. Mechanical properties of Trabecular and Cortical bone tissue. Elastic modulus reported 
in GPa mean (standard deviation when available). Adapted from [1]. 
Bone type Testing technique 
Trabecular 
bone 
Cortical bone 
Human distal femur Buckling 8.69 (3.17)   
Human proximal tibia Inelastic buckling 11.38 (wet)  
Human proximal tibia 
Experiments and 2D 
finite element modeling 
1.30  
Bovine femur 
Human tibia 
Finite-element model 1.4–5.0  
Bovine femur 
Human femur 
Ultrasonic method, bone 
cubes 
10.9 (1.6)  
12.7 (2.0) 
 
Human iliac crests Three-point bending 3.81 4.89 
Dry human femur 
Fresh human tibia 
Cantilever bending with 
finite-element analysis 
7.8 (5.4)  
Bovine femur Tensile testing 1.0  
Bovine tibia PMMA 
composites 
Ultrasonic test 
extrapolation 
 
8.9  
Human vertebra (L3) 
Three-dimensional 
structure model 
3.8 
 
 
Human tibia Three-point bending 4.59 (1.60) 5.44 (1.25) 
Human tibia Four-point bending 5.72 (1.27)  6.75 (1.00) 
Human tibia 
Tensile test (dry) 
Ultrasonic test 
10.4 (3.5)  
14.8 (1.4)  
18.6 (3.5) 
20.7 (1.9) 
Porcine femur 
Microindentation 
Nanoindentation 
5.9 (4.3) 
21.5 (2.1)  
11.6 (9.5) 
16.4 (1.3) 
Human vertebra 
Human tibia 
(osteon/interstitial) 
Nanoindentation 
13.4 (2.0) 
 
 
22.5 (1.3) (osteon) 
25.8 (0.7) (interstitial) 
Human femur 
Nanoindentation (dry)  
Acoustic microscopy  
18.14 (1.7) 
17.50 (1.12)  
20.02 (0.27) 
17.73 (0.22) 
Human femur Nanoindentation (wet) 11.4 (5.6) (neck) 
19.1 (5.4) (diaphysis: 
osteon) 
21.2 (5.3) (diaphysis: 
interstitial) 
15.8 (5.3) (neck: osteon) 
17.5 (5.3) (neck: 
interstitial) 
Human vertebra 
Micro-CT image-based 
finite-element models 
5.7 (1.6) 
 
 
Human vertebra 
Micro-CT image-based 
finite-element models 
6.6 (1.1) 
 
 
Bovine tibia 
Micro-CT image-based 
finite-element models 
17.3 (2.62)  
Human vertebra Four-point bending  2.11 (1.89)  2.50 (1.58)  
 
Ex vivo evaluation of bone regeneration is conducted at one unique time point, after the 
animal used for the critical bone defect model is sacrificed and they usually involve histology, 
scanning electron microscopy (SEM) and microCT investigations [110,151–155]. The three 
techniques are complimentary and together provide a deep vision on bone formation in the 
defect site. Histological analysis is a useful tool to understand the cell-mediated processes 
involved in the new bone formation and biomaterial degradation, as well as the biological 
effects of the biomaterials on the newly formed tissue, such as inflammatory response or soft 
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tissue presence. The high resolution of SEM images provides a detailed characterisation of 
the bone-biomaterial interactions, as well as the bone formation processes involved during 
bone healing and the different fibrillar organization within the previous defect site. However, 
SEM is restricted to sample sectioning and only surface analysis can be conducted. Very 
recently, Li et al. [152] used, for the first time, focused ion beam scanning electron 
microscopy (FIB-SEM) to evaluate the bone-biomaterial interaction at the nanoscale along 
the defect site. Although FIB-SEM allows volumetric information of the analysed region by 
compiling all sections together, it is a destructive technique and therefore, lot of attention has 
been given to microCT imaging, which allows for a 3D investigation in a non-destructive way 
of the implantation site. Furthermore, microCT analysis supports the quantification of the 
different tissue density components present in the defect site (i.e. newly formed bone, 
remaining biomaterials), as well as a 3D morphological analysis of the regenerated bone 
[156–160]. 
As stated above, a biomechanical characterisation of the new bone during the healing 
process is of fundamental importance to demonstrate the ability of the different treatments to 
restore new bone with biological and mechanical properties that are comparable to the initial 
native tissue. However, little research has focused on the ex vivo mechanical competence of 
bone reconstructions after implantation of biomaterials. In particular, traditional mechanical 
tests such as indentation and micro-indentation at different locations through the defect 
areas have been used to measure the stress at failure [161] and yield strength [156], 
respectively. Whereas indentation tests provided the mechanical strength of the healing 
defect size including both newly formed bone and remaining biomaterial [161], micro-
indentation allowed for the characterization of the mechanical properties of the new 
regenerated bone tissue only [156]. Despite those data are extremely beneficial for the 
biomechanical evaluation of different biomaterials, they only provided local material 
properties and the deformation mechanisms at the implantation site under load could not be 
investigated.  
The development of image-guided failure assessment (IGFA) by Müller et al. in the late 90s 
[162] allowed to monitor and evaluate, for the first time, the 3D deformation of bone at the 
microscopic level, as well as to determine how bone microstructure influences bone failure. 
However, a quantification of the full-field mechanical response was only possible with the 
introduction of digital volume correlation (DVC) by Bay et al. in 1999 [163]. A combination of 
high-resolution X-Ray imaging, in situ mechanical testing and DVC can be therefore 
considered a powerful tool to evaluate the mechanical response of newly formed bone 
during the osteoregeneration process, providing a better understanding of the efficacy of 
novel biomaterials to induce bone formation with mechanical properties resembling those of 
native bone tissue.  
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2.5. High-resolution X-ray imaging 
X-ray imaging is particularly well suited for the hierarchical analysis of bone microstructure. 
X-ray computed tomography (CT) is a widely used technique for the analysis and 
quantification of bone structure in 3D, as it provides multiscale imaging with resolutions 
ranging from few millimetres to 100 nanometres (Figure 10), allowing to resolve bone 
structure from organ to cellular level [164]. At the microstructural level, X-ray microCT has 
been extensively used for the analysis of bone microarchitecture not only in healthy bone but 
also to better understand different diseases and their treatments, tissue engineering 
strategies and novel biomaterials [164,165].  
 
Figure 10. Hierarchical imaging using multiscale computed tomography (CT). The technique can 
be used on a large scale with different resolutions. The images show from left to right, human 
hand, trabecular bone structure, microcallus, murine cortical bone surface of a femur with 
internal vasculature and capillary in bone surrounded by osteocyte lacunae. Adapted from [166] 
with permission. Copyright (2008) Springer Nature. 
Traditional laboratory-based microCT systems can achieve nominal resolution below 1 µm 
(Table 4), allowing the visualisation of ultrastructural features such as the canal network and 
osteocyte lacunae. The X-ray radiation used in those systems is polychromatic, and the 
beam diverges in a fan-like or conical shape. However, for achieving the highest resolutions 
(below 5 µm), long acquisition times are typically required to obtain a signal-to-noise-ratio 
(SNR) that is sufficient to resolve those specific features [165,167]. The combination of 
synchrotron radiation (SR) and CT techniques allows the fast acquisition of 3D images at 
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high spatial resolution (below 1 µm) (Table 4), able to resolve bone structure at tissue and 
cellular level. Synchrotron radiation has several advantages over conventional laboratory 
systems by providing monochromatic X-rays at a much higher photon flux. This property 
becomes particularly important for sub-micrometre spatial resolution imaging, limiting scan 
times while achieving high SNR [167,168]. The main drawback of SR-microCT imaging is in 
the limited access to SR sources. Moreover, the SR dose for typical SR-microCT 
experiments is usually high and even though no damage leading to detrimental effects of the 
bone microstructure is expected [169,170], it cannot be considered as a non-invasive 
technique. In fact, high SR doses can alter the mechanical properties of bone [169,171,172]; 
thus, special consideration is needed when performing mechanical tests in combination with 
SR-microCT imaging. 
Table 4. Summary of characteristics of microCT systems with the typical values used in this 
PhD project. 
microCT 
system 
Equipment Objective 
Pixel 
size (µm) 
X-rays 
Laboratory 
microCT 
Zeiss Versa 
510/520 
0.4X ~4-5 Micro-focus tungsten target laboratory source 
4X ~1-2 60-110 kV/ Polychromatic X-rays (>~10 keV) 
20X ~0.4-0.5 Peaks in spectrum at ~10-12keV and ~60keV 
SR-
microCT 
DLS- I13-2 
2X 2.6 5-35 keV/ monochromatic or polychromatic 
4X 0.81 Parallel beam, high brilliance, coherent 
 
2.5.1. X-ray CT principles 
The basic principle of CT is the interaction of X-ray radiation with matter. As an X-ray 
penetrates an object, it is exponentially attenuated according to the material along its path. 
The attenuation depends not only on the material but also on the energy spectrum of the X-
ray source. Attenuation of monoenergetic X-rays is described by the Beer-Lambert law [173]: 
𝐼 =  𝐼0 ∙ 𝑒
−𝜇𝑡 
Where I0 is the X-ray intensity before reaching the object; I is the X-ray intensity after 
passing through the object; µ is the X-ray attenuation coefficient; and t is the thickness of the 
absorbing material. 
X-ray CT is based on the data acquisition and data processing of individual projections (X-
rays radiographs) recorded from different viewing directions that are combined using a 
reconstruction algorithm to compute the internal structure of the object of interest. In 
microCT, these projections are usually taken in a configuration in which the source and 
detector are at a fixed position and the object is rotated around its long axis (Figure 11). The 
source is mostly either a microfocus X-ray for lab-based systems or an insertion device in 
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SR-based systems and the detector is normally based on a CCD camera with a 
phospholayer to convert X-ray to visible light [166]. The two-dimensional projections can 
then be used to reconstruct a 3D image.  
 
Figure 11. MicroCT system general configuration. Adapted from [167] with permission. 
Copyright (2015) IEEE. 
Image reconstruction is used to compute the internal structural information from the 
projection images. The standard method of reconstructing microCT slices is a filtered back-
projection [174,175]. The starting point is always an empty image matrix (i.e. a defined range 
of computer memory that contains only zeros at starting values). Each projection value is 
added to all the pictures elements in the computer memory along the direction in which it has 
been measured. In general, each detail in the object (represented in the attenuation profile) 
does not only contribute to the pixel value at the desired image point, but to the entire image 
as well. As a result, an unsharped image is obtained. To avoid the unsharpening, each 
projection has to be convolved before back-projection with a mathematical function, the 
convolution kernel. This constitutes a pointwise multiplication of the convolution kernel with 
the attenuation profile and addition of the resulting values. In essence, it represents a high-
pass filtering procedure, which generates over- and under-shoots at object boundaries. 
Convolution additionally offers the possibility to influence image characteristics by the choice 
and design of the convolution kernel – from soft or smoothing to sharp or edge enhancing. 
During image acquisition artifacts and partial volume effect intrinsic to the experimental 
apparatus and to the X-ray source can appear, obscuring details of interest and introducing 
errors during image reconstruction [176]. Among these errors, motion artefacts, ring 
artefacts, aliasing and beam hardening are common [166,176].  
 Motion artefacts: If the object moves or rotates during the measurement, the projections 
do not fit together at the reconstruction, resulting in distortion of the object and tails 
enclosing it. 
 Ring artefacts:  Defective pixels in the CCD, defects in the scintillator or dust in the 
detector system may cause rings or half-rings around the rotation centre of the 
reconstructed images. 
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 Aliasing: It appears as streaks in the end images at the corner of objects as a result of 
insufficient number of projections. The number of projections is a trade-off between 
image quality and measurement time. 
 Beam hardening: As a polychromatic beam passes through an object, the X-rays with 
lower energies are more easily attenuated than the higher energy X-rays, for this reason 
a beam will preferentially lose the lower end of its spectrum. This increase in mean 
energy is defined as beam hardening, which is the most common artefact encountered in 
CT imaging and causes an object to appear brighter at its edges than at the centre.  
If imaging low atomic numbers, attenuation contrast does not provide sufficient contrast 
between the material (i.e. cortical bone matrix) and the features that need to be distinguished 
(i.e. lacuno-canalicular network, cement lines) [168,177,178]. As an alternative, contrast can 
be obtained from the phase shift of the X-rays as they pass through the object. This mode is 
called ‘phase-contrast’ [179,180]. In-line phase contrast takes advantage of image 
magnification when the sample is placed after the focus of X-ray focusing optics, creating a 
projection microscopy setup. The detector is mounted on a translation stage allowing to set 
up the geometrical magnification, which is a function of the beam divergence after the X-ray 
source, the source-to-sample distance, and the source-to-detector distance. Letting the 
beam propagate after interaction with the object creates not only a magnification effect but 
also strong phase contrast between different materials with similar attenuation coefficients. 
In-line phase contrast exploits the Fresnel diffraction of X-rays to enhance the visibility of 
edges and boundaries within an object. Phase retrieval procedures normally require at least 
two measurements of the intensity, taken at two different distances from the source [181], 
with the extent of phase contrast increasing with distance [179,180]. The 2D phase maps are 
retrieved following a holographic reconstruction approach [182], separating the object 
information from the defocused X-ray projections, which is employed for subsequent CT 
reconstruction to provide the 3D representation of the sample. 
2.5.2. Laboratory-based X-ray microCT  
In standard laboratory systems the X-ray radiation is created by focusing an electron beam, 
generated by a filament, on a target in a vacuum chamber. The X-rays (photons) produced 
have a broad spectrum which is controlled by the applied voltage as well as the target 
material, typically tungsten. Most of the modern lab-based microCT systems operate in a 
cone-beam geometry, in which the resolution of the system is defined by the pixel size of the 
detector, as well as the source spot size (size of the region on the target material from which 
X-rays are generated). The source spot size limits the resolution for large geometrical 
magnification, with spot sizes of ~1 µm being typical for higher-resolution microCT systems 
(Table 4). For some systems, the pixel size of the detector is controlled by using optical 
magnification between the scintillator (fluorescent material) and charge-coupled device, 
which converts the visible light (X-rays) to and electric signal (Figure 12). Phase contrast can 
be achieved using the in-line/propagation based method, which is manifested as an edge-
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enhancement around sharp boundaries within the object and which increases with the 
distance between the object and the detector [180]. 
 
Figure 12. Zeiss Versa 510 setup for microCT imaging. The detector system incorporates 
optical magnification of a scintillator to achieve sub-micron pixel size. 
2.5.3. Synchrotron radiation X-ray microCT 
Synchrotron radiation from a third-generation source offer high flux and high coherence, with 
the ability to tune the X-ray spectrum to a monochromatic beam [183]. X-rays are produced 
when electron in the storage ring are forced to move in curved paths by bending magnets or 
insertion devices. The high flux enables rapid tomography data collection, so that dynamic 
experiments can be conducted [184]. The parallel beam geometry also facilitates in situ 
experiments since a large distance between sample and detector can be maintained without 
loss of intensity. Sub-micron imaging can be achieved with high resolution detectors, which 
employ optical magnification of scintillator screens. Phase contrast can be obtained via the 
in-line method or a variety of other techniques [185]. 
A synchrotron X-ray source consists of three components: the linear accelerator, the booster 
and the storage ring (Figure 13), which produce the intense synchrotron light required for 
experiments. Electrons are generated in the electron gun by heating high voltage cathode 
which will increase the thermal energy of the electrons to break away from the surface. 
There electrons are accelerated to almost the speed of light by two particle accelerators, 
namely the linear accelerator and the booster. Once the energy of the electrons reaches ~ 3 
GeV (energy required to produce the whole spectrum of electromagnetic radiation – nearly 
the speed of light) they are transferred into the storage ring. The storage ring is a polygon, 
consisting of specially designed magnets called insertion devices, which are usually inserted 
in the straight parts of the storage rings and a radio frequency voltage source to deflect the 
electrons around the bends or re-accelerate the electron in the straight sections, 
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respectively. There are mainly two types of insertion devices: wigglers and undulators. The 
storage ring is maintained in a high vacuum condition, with a pressure approximately one 
million times lower than atmospheric pressure. Synchrotron light is emitted when the 
electrons travel at a relativistic speed and undulate within the powerful magnetic field inside 
the storage ring [186]. 
 
Figure 13. Layout of Diamond Light Source synchrotron third generation facility. (1) Linear 
accelerator. (2) Booster. (3) Storage ring. (4) Beamline. (5) Front-end. (6) Optics hutch. (7) 
Experimental hutch. (8) Control cabin. (9) Radiofrequency cavity [187]. Copyright (2018) 
Diamond Light Source. 
The synchrotron light is then guided to the beamlines, which are usually tailored by 
appropriate optics and apertures to meet the need of the experiments. Each beamline is 
made up of three basic compartments: the front-end, the optic hutch, and the experimental 
station downstream (Figure 13). The front-end is fitted to the storage ring and connects to it 
at a tangent, passing through the main concrete shielding wall into the optics hutch. It 
contains vacuum isolation valves and/or beryllium or diamond windows to protect the storage 
ring from vacuum mishaps on the beamline, with cooled apertures to limit the horizontal 
extent of the beam. Most importantly, it contains thick metal safety shutters that prevent X-
rays from passing further down the beamline when closed. 
The beam transport typically consists of one or more beryllium or diamond windows, to 
isolate the beamline vacuum from that of the storage ring and evacuated beam pipes to 
conduct the beam into the experimental station. Along the beam path, between the storage 
ring and the experimental station, there may be one or more optics enclosures, which 
contain a sequence of X-ray optical devices such as a monochromator, used to filter the 
synchrotron light and focusing mirrors, used to focus the X-rays down to hundreds of a 
millimetre. 
The experimental station for hard X-ray experiments is typically a steel or steel/lead 
enclosure. The experimenter has access to the station to change samples and align 
equipment as long as the shutters are closed. When ready for data collection, the station is 
interlocked to prevent access and the safety shutters are opened. The experimental station 
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contains manipulators to position the sample, optics to view the sample and detectors to 
measure the fluorescent, scattered or diffracted X-rays. The details of the actual setup 
depend entirely on the type of experiment to be performed. 
2.5.4. The Diamond-Manchester Imaging Branchline (I13-2) at 
Diamond Light Source 
Diamond Light Source (DLS) is a third-generation synchrotron facility (3 GeV, 300 mA) in the 
UK, which runs in top-up injection mode: the electron beam current in the storage ring is kept 
constant by small, frequent ‘topping-up’ of electrons from the injection system. At 250 metres 
in length, I13 is Diamond’s longest beamline [188–190]. It comprises two branchlines that 
provide complementary X-ray imaging techniques (Figure 14). The branchlines run 
simultaneously and independently from each other. I13-2, performs real-space imaging and 
tomography in the 8-30 keV energy range. Absorption and in-line phase contrast imaging are 
both available. Imaging can be conducted with both pink and monochromatic light. Typically, 
monochromatic beams are used in synchrotron beamlines to avoid the beam-hardening 
artifacts. However, the monochromator on a synchrotron beamline typically transmits less 
than 0.1% of the beam, which means that the flux on the sample is greatly decreased and 
the data collection time increases. Monochromatic beams are therefore generally unsuitable 
for dynamic studies. The term ‘pink beam’ refers to the fact that a monochromator is not 
used, but rather the X-ray beam is reflected from a grazing incidence mirror. The mirror only 
reflects energies below a certain threshold, which depends on the mirror coating and grazing 
incidence angle. The result is a tunable broad bandwidth, with an X-ray flux that is more than 
1000 times that of a monochromatic beam [191]. Flux at I13 is over a million times higher 
than that of a laboratory X-ray source. Monochromatic light represents a single wavelength 
which may be chosen according the sample. The partially coherent radiation at the I13-2 
enables contrast enhancement at the edges of structures. This 'in-line phase contrast 
imaging' is particularly useful for biomedical applications in which absorption contrast 
between structures is weak [180]. 
The experimental setup at I13-2 (Figure 15) consists of a sample and detector stage placed 
on a vibration isolated table. The distance between both can be freely changed, modulating 
the edge-enhanced contrast in the radiographs. The spatial resolution depends on the 
detector system. The X-ray active layer of a scintillation screen transforms the X-rays into 
visible light. This image is then projected through a microscope optics, adapted to the screen 
on the chip of the CCD camera. The camera (pco.edge 5.5, PCO AG, Germany), with 2560 x 
2160 pixels and a pixel size of 6.5 µm, is coupled to a visual light microscope, which is 
equipped with a revolving nosepiece accommodating lenses of varying magnification (1.25X, 
2X, 4X, 10X). Together with a 2X relay lens, the effective pixel size varies between 325 nm 
and 2.6 µm, providing a field of view between 0.83 x 0.70 μmm
2
 and 6.7 x 5.6 mm
2
, 
respectively 
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Figure 14. Schematic of I13 beamline at DLS. Adapted from [192] under license CC BY. 
.  
Figure 15. Instrumentation of the Diamond-Manchester Imaging Branchline (I13-2) at DLS. 
2.6. In situ mechanics and digital volume correlation 
2.6.1. In situ microCT mechanical testing 
Because of its non-destructive nature, microCT is an ideal technique to perform not only 
static measurements of bone microstructure but also to conduct measurements under 
increasing applied load or other temporal events (4D evaluations) to investigate bone 
deformation mechanisms, fracture initiation and propagation or damage accumulation in a 
3D manner (Figure 16). In situ microCT mechanics, also known as Image Guided Failure 
Assessment (IGFA) involves the use of a micromechanical loading device to perform step-
wise mechanical testing (i.e. compression, tension, bending), and a microCT system to 
image the specimens in a given deformed state [193]. When the mechanical testing setup is 
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positioned inside the microCT chamber the experiments can be performed in situ and 
images can be acquired under load, without repositioning of the specimens. Generally, a first 
image is acquired in an undeformed state (0% deformation). Consequently, the specimen is 
loaded (i.e. displacement control) until the desired deformation level in the elastic or plastic 
region is achieved. Following each loading step the specimens are allowed to relax for a 
given time prior to image acquisition to reduce the time-depended phenomena during stress 
relaxation [194–196]. The obtained stress-strain curves typically present discontinuities due 
to the time-lapsed nature of the testing method [193]. Measurements corresponding to each 
compression step are stored in 3D image arrays and after 3D reconstruction, failure initiation 
and progression as well as local structural and architectural differences in the specimens, 
can be monitored. Since its development, the combination of in situ mechanical testing and 
microCT has been widely used to characterise trabecular bone, cortical bone and bone-
biomaterial systems under different loading scenarios, in healthy and pathological bone and 
various dimensional scales [193,194,197–200].  
 
Figure 16. Trabecular bone structure in a two-plate compression testing experiment at different 
applied compression levels. Localised strain, particularly near the top end (dashed box) is 
evident. Adapted from [201] with permission. Copyright (2013) Elsevier. 
2.6.2. Digital volume correlation 
Despite time-lapsed mechanical testing and microCT imaging revealed important 3D visual 
information on the deformation of bone structures, a quantification of the full-field 
displacement and strain was only achieved with the development of digital volume 
correlation (DVC). DVC is a 3D-extension of the 2D digital image correlation (DIC) 
technique, a widely employed method for measurement of in-plane full-field displacement 
and strain fields in a variety of materials subjected to mechanical or thermal loads [202–206]. 
For a given material sample under applied load, DIC provides a surface measurement of 
deformation or strain, whereas DVC is able to provide full-field displacement and strain fields 
throughout the interior of the sample in 3D [163,207]. Generally, DVC methods can be 
described in three main steps (Figure 17): (1) generation of volumetric images of samples in 
both unloaded and loaded conditions; (2) measurement of a discrete displacement field 
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throughout the sample by a correlation procedure; (3) calculation of the strain tensor field 
from the displacement vector field. 
High-resolution X-ray microCT remains the main imaging modality used in the development 
of DVC, although not the unique [208]. Some researchers have also employed confocal 
microscopy [209,210], micro-magnetic resonance imaging (microMRI) [211,212] or optical 
coherence tomography (OCT) [213,214]. With any of those imaging modalities, tomograms 
are generated in both an undeformed (reference) and deformed (target) state, either whilst 
under load (i.e. in situ microCT mechanical testing) or following specific temporal events. 
DVC was firstly applied to microCT images of trabecular bone tissue subjected to uniaxial 
compression load [207] and has since then been successfully applied to trabecular bone 
[215], cortical bone [216], whole bones [196,217] and bone-cement composites [195,198]. 
 
Figure 17. The overall digital volume correlation algorithm involves: (1) specification of a region 
of interest populated with measurement locations; (2) displacement measurement at each 
location by correlation of reference and target volumes; and (3) strain computation at each point 
by estimation of the surrounding deformation gradients. A sub-volume κ0, centered at a single 
point location p, is extracted from the reference volume. The correlation process estimates the 
displacement vector t that better matches the sub-volume in the reference state, κ0, with its 
correspondent sub-volume in the target volume, κ. Adapted from [207] with permission. 
Copyright (2008) SAGE Publications. 
The fundamentals of DVC technique rely on the measurement of a discrete displacement 
vector field by correlation of image volumes of a sample in a reference and target state, 
based on the natural variations in image grey-level intensity, which are given by the 
characteristics of the material texture, within the image volumes. Within the reference image, 
a grid of points of interests is defined, where the displacements values are sought. The 
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discrete measurement points may be either user-defined and evenly distributed throughout 
the volume, else generated through meshing techniques [218].  
In the early developments of DVC, local approaches were implemented in which a sub-
volume can be defined and extracted from the reference image and registered with its 
counterpart in the deformed configuration (Figure 18a). The sub-volume is typically cubic 
and is sized with respect to the underlying material texture scale. Local approaches have the 
advantage of enabling an easy and efficient implementation, however, when discontinuities 
arise, they are less appropriate per se [219] as the sub-volumes are registered 
independently [201,215]. As an alternative, global approaches (Figure 18b), in which the 
whole 3D image is analysed by using elements (i.e. 8-noded cubes) to form a mesh, 
enforced a spatial regularization; thus, the displacement field is assumed to be continuous 
[219]. The fact that continuity is enforced allows the measurement uncertainty to be reduced 
in comparison with the same discretization in which the nodes are not shared [219–221]. 
  
Figure 18. Differences between a local (a) and global (b) DVC approach. X and X* refers to the 
coordinates (in voxels) of a point in the reference and the deformed state, respectively; u(X) is 
the sought displacement field; f and g are the grey levels of the reference and deformed 
volumes. Adapted from [201] with permission. Copyright (2013) Elsevier. 
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The DVC method then determines the deformation required to best correlate the reference 
(unloaded) image with the target (loaded) image. The correlation requires the undeformed 
volume to undergo a deformation characterised by an affine transformation. The main 
transformation of interest is translation, as this provides the estimate of the displacement 
vector. The remaining transformations (rotation, normal strain, shear strain) may be invoked 
to improve correlation accuracy when the associated modes are significant over the sub-
volumes [222–224]. The mapping of the reference feature to the corresponding position 
within the target image requires the definition of an objective or correlation function, which 
quantifies the degree of matching between the undeformed and deformed configurations. 
The sum-of-squares correlation coefficient (SSCC), cross-correlation (CC), normalised 
cross-correlation (NCC), zero-mean normalised cross-correlation (ZNCC) and mutual 
information are typical functions used as objective functions [207,219,224–226]. The affine 
transformations applied to the reference may result in sub-voxel deformations. Thus, 
interpolation is required to estimate image data between voxel locations. Tricubic spline 
interpolation has proven adequate and is prevalent within the literature [207,224,227,228]. 
Finally, the strain measurements can be estimated by differentiation of the displacement 
vector field. The displacement data may be first smoothed and filtered before estimating the 
gradient deformation tensor [163,222,223]. 
The accuracy and precision of the DVC in measuring the displacements depend on the 
quality of the input images and such errors in displacements can be amplified for the strain 
field, once differentiated. DVC algorithms showed errors in the displacement measurements 
of a fraction of voxel (precision of 0.0004–0.115 voxels) [218]. Nevertheless, a compromise 
must always be accepted between the precision of the DVC measurements and the 
measurement spatial resolution [221,229,230]. In fact, the larger is the sub-volume/element 
size, which represents the spatial resolution of the measurement, the lower are the random 
errors associated with the measurement. There is no single optimal solution for all cases, but 
an adaptation of the method for different bone structures and image resolutions is required 
[221]. Moreover, considering that there is no other measurement technique that allows 
evaluating the 3D bone deformations within heterogeneous structures, the precision of the 
method is typically estimated by registering repeated scans of the same undeformed 
specimen (“zero-strain” condition) [163,218,225]. It is up to the individual researchers, 
depending on the specific application, to determine the magnitude of measurement error that 
they are willing to accept. 
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Abstract 
A micromechanical characterisation of biomaterials for bone tissue engineering is essential 
to understand the quality of the newly regenerated bone, enabling the improvement of tissue 
regeneration strategies. A combination of micro-computed tomography (microCT) in 
conjunction with in situ mechanical testing and digital volume correlation (DVC) has become 
a powerful technique to investigate the internal deformation of bone structure at a range of 
dimensional scales. However, in order to obtain accurate three-dimensional (3D) strain 
measurement at tissue level, high-resolution images must be acquired, and 
displacement/strain measurement uncertainties evaluated. The aim of this study was to 
optimise imaging parameters, image post-processing and DVC settings to enhance 
computation based on ‘zero-strain’ repeated high-resolution synchrotron microCT (SR-
microCT) scans of trabecular bone and bone-biomaterial systems. Low exposures to SR X-
ray radiation were required to minimize irradiation-induced tissue damage, resulting in the 
need of advanced 3D filters on the reconstructed images to reduce DVC-measured strain 
errors. Furthermore, the computation of strain values only in the hard phase (i.e. bone, 
biomaterial) allowed the exclusion of large artifacts localised in the bone marrow. This study 
demonstrated the suitability of a local DVC approach based on SR-microCT images to 
investigate the micromechanics of trabecular bone and bone-biomaterial composites at 
tissue level with a standard deviation of the errors in the region of 100 microstrain after a 
thorough optimisation of DVC computation. 
Keywords: digital volume correlation, synchrotron, microCT, bone, bone-biomaterial, 
displacement/strain uncertainties. 
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3.1.1. Introduction 
Novel osteoregenerative biomaterials for bone tissue engineering are constantly under 
development with the aim of favouring optimal bone integration in the defect site up to 
complete bone formation [1–3]. Synthetic bone grafts substitutes, such as commercial 
StronBone [4], have shown excellent regenerative properties [1,5,6]. However, to date, the 
ability of such biomaterials in producing bone that is comparable to the native tissue they are 
meant to replace is poorly understood and may, therefore, be insufficient to support load-
bearing regions. Micromechanical characterisation of bone-biomaterial systems has been 
extremely beneficial to better understand the overall structural response of such composites 
[7–9]. Particularly, a significant understanding of the internal microdamage at the bone-
biomaterial interface, which could promote further damage to the bone structure, remains 
partially unexplored [9,10]. This is due to the intrinsic limitations of most experimental 
techniques, like strain gauges or digital image correlation, limited to two-dimensional surface 
measurement, while the internal volume response could not be interrogated [11,12].  
The recent advances in high-resolution micro-computed tomography (microCT) combined 
with in situ mechanical testing [13,14], has allowed Digital Volume Correlation (DVC) to 
become a powerful and unique technique to investigate three-dimensional (3D) full-field 
displacement and strain in bone based on 3D images acquired at different deformation 
states [12,15,16]. DVC has been extensively used to investigate trabecular bone [17,18], 
cortical bone [19], whole bones [10,20], biomaterials [21], and bone-biomaterial systems 
[7,9] under different loading conditions. However, in order to expand the applications of DVC 
to the study of clinically-relevant issues such as integration of biomaterials and consequent 
bone formation after bone grafting procedures, it is important to understand the displacement 
and strain measurement errors (uncertainties) associated with the DVC measurement, and 
optimising the imaging and DVC settings to minimise these errors. Uncertainties of any 
specific DVC approach are defined as the differences between the computed measurements 
obtained by DVC and the nominal applied or expected values, and they are reported in terms 
of accuracy (mean) and precision (standard deviation). Measurement errors are typically 
quantified on repeated scans (i.e. in a known deformation field such as ‘zero-strain’) to 
account for the intrinsic noise of the input images [22,23]. This repeated scan methodology 
has been already adopted to quantify strain errors associated with bone-biomaterial 
interfaces (i.e. bone-cement) [24,25]. Specifically, Tozzi et al. [24] focused on images 
obtained in laboratory microCT systems with a voxel size of 39 µm. The random errors for 
the strain components were found to be all around or lower than 200 µε, for a sub-volume 
size of 48 voxels, providing measurements approximately every 2 mm. In this sense, the 
DVC measurement spatial resolution, defined as the smallest distance of computed outputs 
(i.e. displacements) in relation to the sub-volume of interest, were able to include more bone 
structural units (BSUs, i.e., trabecula), and enabled the classification of regions at high or 
low localised strain. However, measurement within BSUs remained unexplored. To 
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overcome the limitation of laboratory microCT systems, where a strong compromise between 
strain precision and measurement spatial resolution must be accepted [11,23], synchrotron-
based microCT (SR-microCT) has proven to provide strain uncertainties below 200 µε for 
correlations performed with a measurement spatial resolution below 100 µm for both cortical 
and trabecular bone [26]. In fact, the use of DVC based on SR-microCT high resolution 
images (~2 µm voxel size), allowed reliable strain measurements within the BSUs [22,26]. 
However, the performance of DVC based on SR-microCT images on composite biological 
structures such as bone-biomaterial systems still remains unclear. Recently, Dall’Ara et al. 
[22] provided an overview of the strain errors associated to several bone structures acquired 
with different microCT techniques, at different dimensional levels. In that study, the precision 
of DVC applied to SR-microCT images of bone and bone-biomaterial systems was analysed 
for the first time, reporting values below 150 µε for a measurement spatial resolution close to 
150 µm, allowing strain measurement at tissue level. Despite those results were promising to 
evaluate full-field strain in bone-biomaterial systems, only the precision in terms of 
displacement and strain was analysed, but the accuracy of the method was not reported. In 
addition, the optimisation on imaging settings, post-processing and DVC features was also 
not reported. 
The reliability of DVC based on high-resolution SR-microCT images of trabecular bone and 
bone-biomaterial systems will provide accurate 3D strain measurement at tissue level. 
Therefore, a better understanding of the micromechanical behaviour of trabecular bone and 
bone-biomaterials interfaces can be achieved through optimisation of the DVC computation. 
In this perspective, the main aim of this study was to investigate the effect of image post-
processing and DVC settings on the displacement- and strain-measured uncertainties at 
tissue level based on ‘zero-strain’ repeated SR-microCT scans, using a local DVC approach, 
in trabecular bone and bone-biomaterial systems. 
3.1.2. Methods 
3.1.2.1. Specimen preparation 
Cylindrical bone defects (8mm diameter by 14 mm depth) were surgically created in the 
femur condyles of an adult sheep [27] and four different biomaterials (Actifuse, ApaPore, 
StronBone, StronBone-P) were implanted under Ethics approval granted by the Royal 
Veterinary College and in compliance with the United Kingdom Home Office regulations 
(Animal Scientific Procedure Act [1986]) under the animal project licence number PLL 
70/8247. Six weeks after implantation both left and right condyles were harvested and 
cylindrical samples (4 mm diameter by 18 mm length) were cored from the condyles in 
proximal-distal direction by drilling with a coring tool. The ends of the cores were trimmed 
plane and parallel, and end-constraint was achieved by embedding the ends of the samples 
in poly-methyl-methacrylate (PMMA) endcaps. Approximately, 5 mm of the core was 
embedded into each endcap to achieve a 2:1 aspect ratio and reduce experimental artifacts 
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[28].  In total, four bone-biomaterial systems (n=1 p/biomaterial) from the bone defect areas 
and two trabecular native bone in proximity of the implantation site (n=1 p/condyle) were 
analysed. Samples were kept frozen at -20° and thawed for around 2 h in saline solution at 
room temperature before image acquisition. 
3.1.2.2. SR-microCT 
SR-microCT imaging was performed at the Diamond-Manchester Imaging Branchline I13-2 
of Diamond Light Source (DLS), UK, using a filtered (1.3 mm pyrolytic graphite, 3.2 mm 
aluminium and 60µm steel) partially-coherent polychromatic ‘pink’ beam (5-35 keV) of 
parallel geometry with an undulator gap of 5 mm. Sample alignment in the beam was under 
low dose conditions (0.2 Gy/s). Projections were recorded by a sCMOS (2560 x 2160 pixels) 
pco.edge 5.5 (PCO AG, Germany) detector, which was coupled to a 500 µm-thick CdWO4 
and a visual light microscope. A 1.25X objective lens was used to achieve a total 
magnification of 2.5X, resulting in an effective voxel size of 2.6 µm and a field of view of 6.7 x 
5.6 mm. For each dataset, 1801 projection images were collected over 180 degrees of 
continuous rotation (‘fly scan’) [29]. The final projection was not used for reconstruction, but 
was compared to the first image to check for experimental problems including sample 
deformation and bulk movements [30]. The exposure time was set to 64 ms per projection, 
leading to a nominal absorbed radiation dose of 4.7 kGy per scan, therefore minimising SR 
irradiation-induced damage during image acquisition [31] (Figure 1). The propagation 
distance (sample to detector) was first set to 50 mm and increased in ~100 mm increments 
until sufficient in-line phase contrast was gained to visualise the microstructure. The final 
propagation distance used was 150 mm. The projection images were flat-field and dark-field 
corrected prior to reconstruction. For each dataset, 40 flat and dark images were collected. 
Reconstruction was performed at DLS using the in-house software, DAWN [32,33], 
incorporating ring artefact suppression. Specimens were imaged within a loading stage 
(CT5000, Deben Ltd, UK) equipped with an environmental chamber and were kept 
immersed in saline solution during the entire experiment. A small preload (5 N) was applied 
only to ensure good end-contact prior to imaging and minimise motion artifacts during the 
scan. Each specimen was scanned twice under the same configuration (‘zero-strain’ 
repeated scan) without any repositioning. 
3.1.2.3. Image post-processing 
Each 3D image dataset consisted of 2160 images (2256 x 2076 pixels) with 32-bit grey-
levels. Images were converted to 8-bit grey-scale (0 – 255 counts). The repeated scans for 
each specimen were first rigidly registered using the rigid registration plugin in Fiji software 
[34]. Registration was performed minimising the Euclidean distance (corresponding to the 
square root of summed squares of voxel intensity differences) between the reference and 
the target image, using an iterative optimisation algorithm (conjugate direction search [35]). 
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Figure 1. SR-microCT two-dimensional (2D) cross-sections acquired at different exposure times 
in the same bone-biomaterial system (ApaPore). Increasing the exposure time per projection 
(from a to f) improved the quality of the images but induced damage in the tissue due to SR X-
ray radiation. Red arrows indicate microcracks in the tissue. (a) texp = 32 ms. (b) texp = 64 ms. 
(c) texp = 128 ms. (d) texp = 256 ms. (e) texp = 512 ms. (f) texp = 1024 ms. (texp: exposure time per 
projection). Scale bar is valid for all images. 
The algorithm iteratively adjusts the six degrees of freedom (three translational and three 
rotational parameters) of the rigid transformation to match the target to the reference image. 
The optimised transformation is then applied to the target image using TransformJ plugin 
using a cubic spline interpolation [36]. After registration, a volume of interest (VOI) was 
cropped for each tomogram, consisting of a parallelepiped with side lengths of 1000 voxels 
(2.6 mm
3
). The VOI was set in the centre of the volume for the trabecular bone and manually 
selected for the bone-biomaterial specimens in order to include the interface. Noise in the 
images was reduced by applying a 3D filter. To compare the DVC algorithm performance on 
the filtered images, two different filters were used (Figure 2): a local median filter (radius = 2 
pixels) and a non-local means (NLM) filter [37,38], where the variance (sigma) of the noise 
was automatically estimated for each dataset [39]. The choice of both filters was based on 
the fact that local smoothing methods aim at noise reduction and at a reconstruction of the 
main geometrical features, but not at the preservation of details and textures in the images. 
In that sense, non-local methods have shown to better retain image fine structures [40], 
therefore DVC results may differ. 
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Figure 2. SR-microCT two-dimensional (2D) cross-sections in trabecular bone (a, b, c) and 
bone-biomaterial interface of Actifuse (e, f, g). The raw images (first column) present a reduced 
quality due to the low X-ray exposure used. Applying a median filter (second column) and a 
non-local means filter (third column) resulted in considerable noise reduction. Intensity 
histograms of trabecular bone (d) and bone-biomaterial (h) showed noise reduction from raw to 
median and non-local means filtered images. Scale bar is valid for all images. 
Additionally, the original SR-microCT images were also masked by setting to zero the grey-
scale intensity of non-bone/biomaterial voxels. A binary image (value one for bone-
biomaterial voxels and zero elsewhere) was first created from the non-local mean denoised 
images using an iterative approach. Due to the low exposure used during image acquisition 
to minimise irradiation-induced damage in the tissue, the quality of the images was 
considerably low (Figure 1); therefore, a global thresholding can be insufficient for 
segmenting the mineralised tissue and biomaterial from the soft (i.e. bone marrow) and 
watery material, due to variations in signal intensity and noise within the same material. The 
method employed in this study firstly used a global threshold based on Huang’s method [41], 
followed by an iterative approach. The latter consisted on applying three different operations 
to the binary images as follows: 1) the connected regions in the 3D volume were identified by 
applying a purifying cycle using BoneJ [42], which locates all particles in the 3D volume and 
removes all of those, but the largest foreground (bone-biomaterial) and background (bone 
marrow) particles [43]; 2) a closing cycle, which performs a dilation operation followed by 
erosion, was applied in order to fill in small holes; 3) an opening cycle, consisting on an 
erosion operation followed by dilation, was used to remove isolated pixels. The quality of the 
binary images was checked by visual inspection after each iteration. The iterative process 
was concluded when no improvements were observed. In this study 6 iterations were 
selected (Figure 3). Masked images, with the original grey-scale value in the mineralised 
tissue and biomaterial, and zero elsewhere, were obtained multiplying the filtered image to 
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the final binary image. For each VOI, the solid volume fraction (SV/TV) was obtained to 
assess possible correlations with DVC measurements. 
 
Figure 3. Iterative approach for segmentation of SR-microCT images of bone-biomaterial 
systems. (a) Non-local means denoised image showing unabsorbed biomaterial (light grey), 
bone tissue (medium grey) and soft material (dark grey). (b) Final masked image where voxels 
of the soft phase were set to zero (black) intensity value. (c) Initial segmentation based on 
Huang’s method. Binary images after two (d), four (e) and six (f) iterat ions. More bone-
biomaterial and less marrow/watery material is included in the segmentation as the number of 
iterations increases. Scale bar is valid for all images. 
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3.1.2.4. Digital volume corraltion 
DVC was performed on the reconstructed tomograms using DaVis 8.4 software (LaVision 
Ltd., Goettingen, Germany). DVC is a cross-correlation method operating on the intensity 
values (grey-level) of 3D images. In essence, the measurement volume is divided into 
smaller sub-volumes and the contrast pattern within the sub-volumes is then tracked from 
reference to deformed state (local approach [21]) as a discrete function of the grey-levels. 
The matching between the sub-volumes is achieved via a direct cross-correlation (DC) 
function [44]. It is called “direct” because it directly sums the products of voxel grey values of 
the initial and deformed volumes to form the 3D correlation map. The zero-mean normalised 
correlation coefficient 𝐶𝑛𝑜𝑟𝑚 for two sub-volumes 𝐴 and 𝐵 with shift  𝒖 = (𝑢, 𝑣, 𝑤) in the x, y 
and z direction respectively, and a window of 𝑁 𝑥 𝑁 𝑥 𝑁 voxels at point 𝒙𝟎 = (𝑥0, 𝑦0, 𝑧0) is 
computed according to: 
𝐶𝑛𝑜𝑟𝑚(𝒖) =  ∑
(𝐴𝒙 − 〈𝐴〉)(𝐵𝒙+𝒖 − 〈𝐵𝒖〉)
√|𝐴′|2 ∙ |𝐵′𝒖|
2
𝒙
 (1) 
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Where all summations run from 𝒙 = 𝒙𝟎 = (𝑥0, 𝑦0, 𝑧0) to 𝒙 = (𝑥0 + 𝑁 − 1, 𝑦0 + 𝑁 − 1, 𝑧0 + 𝑁 −
1). 𝐴𝒙 is the grey value (intensity) of the voxel 𝒙 = (𝑥, 𝑦, 𝑧) in the reference sub-volume 𝐴, 
and consequently 𝐵𝒙+𝒖 is the intensity of the voxel at the shifted position 𝒙 + 𝒖 = (𝑥 + 𝑢, 𝑦 +
𝑣, 𝑧 + 𝑤) in the deformed sub-volume 𝐵. 
The DaVis software adopts a multi-pass scheme that uses the displacement gradient from 
the previous pass to deform the sub-volume on the subsequent pass until the highest 
possible correlation is achieved. This iterative analysis is adapted from particle image 
velocimetry (PIV) techniques [45]. And can be summarised as follows for a two-pass 
scheme: 
I.  First pass: A specific sub-volume of 𝑁 𝑥 𝑁 𝑥 𝑁 voxels is chosen, determining the 
node distribution and spacing. The intensity pattern within each sub-volume in the 
reference volume 𝑉0 is matched with the corresponding pattern in the shifted volume 𝑉1. 
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The predictor shift, 𝒖𝒑 = (𝑢𝑝, 𝑣𝑝, 𝑤𝑝), is obtained by maximising (1) for each sub-volume, 
where sub-pixel accuracy is achieved by fitting a Gaussian curve to the correlation peak 
[46].  
II.  The calculated displacements describe a mapping function between the intensity 
pattern contained within each voxel in volume 𝑉0 to its corresponding voxel in volume 𝑉1. 
Tri-linear interpolation is used to calculate displacements of voxels located between the 
nodes of the sub-volume. This mapping information is then used to deform the entire 
shifted volume 𝑉1 to overlay the reference volume 𝑉0. The intensity of each displaced voxel 
in 𝑉1 at sub-voxel positions is computed using spline interpolation, resulting in a new 
volume 𝑉2. 
III.  Second pass: Step I is repeated between the reference volume 𝑉0 and the new 
shifted volume 𝑉2, to calculate a new correlation map, obtaining a corrector shift 𝒖𝒄 =
(𝑢𝑐, 𝑣𝑐 , 𝑤𝑐).  
IV.  The sum of predictor and corrector is the desired shift field 𝒖 = 𝒖𝒑 + 𝒖𝒄. 
The final displacement, 𝑼 = (𝑈, 𝑉,𝑊), is therefore a 3D full-field average displacement of the 
pattern within a specific sub-volume between reference 𝑉0 and deformed 𝑉1 volume. The 
field of strain components is computed using a centered finite difference (CFD) scheme 
[47,48]. First, the local gradients in the displacement field, equivalent to the deformation 
gradient, are calculated by finite differences: 
{
  
 
  
 
𝜕𝛼
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=
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where α 𝛼 = (𝑈, 𝑉,𝑊) and 𝑙 (= 𝑁) is the length of the sub-volume. From the deformation 
gradient, the strain tensor is derived as: 
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 (3) 
Influence of sub-volume size 
The DVC technique relies on the internal grey-level texture of the material that can be 
recognised in the 3D images to correlate a reference sub-volume to a deformed one. The 
features included within each sub-volume, and therefore the sub-volume size affects DVC 
 Optimisation of digital volume correlation computation in SR-microCT images 
  69 
uncertainties [16,17]. A small sub-volume size is typically susceptible to noise effects, 
whereas large sub-volumes may result in an insufficient spatial resolution [23]. Therefore, 
the goal is always to choose a sub-volume small enough to capture the essential features of 
deformation, and still large enough to give accurate results. In order to evaluate the influence 
of sub-volume size on the DVC displacement/strain uncertainties, seven sub-volume sizes 
ranging from 16 to 112 voxels, in steps of 16 voxels were investigated. Two passes were 
performed for each sub-volume size, using the first pass as a predictor for the final 
computation and therefore, improving the correlation. Moreover, a multi-pass scheme with 
variable sub-volume sizes was tested. The multi-pass scheme used sub-volumes of 112, 96, 
80, 64 and 48 voxels. 
Influence of masking 
DVC was applied to the raw and masked images to investigate the influence of including the 
bone marrow regions, usually associated to large strain artefacts due to the lack of a clear 
pattern distribution, in the correlation algorithm. Two different approaches were considered 
for DVC computation in the masked images: treating the non-hard areas as a black ‘zero-
count’ region (masked) and creating a threshold-based algorithmic mask using DaVis tools 
(DaVis-masked). The difference between both approaches lies on the inclusion of regions 
outside the bone and biomaterial when correlating the 3D images. Whereas the use of 
masked images allows DVC algorithm to correlate the entire 3D image (bone/biomaterial and 
black regions (zero intensity)), DaVis-masked allows calculating vectors only in bone and 
biomaterial areas within the 3D image, as the black regions are ignored (no intensity). 
Additionally, the minimal fraction of valid pixel (mfvp) can be controlled when using the 
masking tools in DaVis. This parameter specifies the number of voxels that need to be 
contained within a sub-volume for the computed vector to be valid; the higher this value the 
less close calculated vectors are to the mask edges, resulting in a progressive loss of data, 
since voxels close to the mask edges are not included. It should be highlighted that the 
resulting vectors are computed in the centre of each sub-volume and not at the centre of 
mass of the non-zero voxels. To account only for the uncertainties within bone and 
biomaterial and allow a better comparison between the three different options, the sub-
volumes containing all voxels outside the bone and biomaterial areas were ignored for the 
raw and masked images, and the uncertainties were computed considering only the 
remaining sub-volumes. The resulting displacement/strain fields were weighted according to 
the SV/TV for each sub-volume. Additionally, for the raw and masked images, sub-volumes 
with a correlation coefficient below 0.6 were removed, to avoid large strain artifacts due to 
poor correlation in some regions. The latter could not be applied to the DaVis-masked 
images, as the mean correlation coefficient was lower (below 0.56), and any filtering of the 
data would lead to insufficient correlated sub-volumes.  
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Evaluation of DVC uncertainties 
To quantify the level of uncertainties of the DVC measurements, which is associated to 
imaging conditions, image post-processing and sub-volume size, different scalar indicators 
were computed for each pair of ‘zero-strain’ repeated scans. Ideally, the displacements could 
be considered null; however, in the real experiment the actual displacements were affected 
by the inevitable unknown micro-movements of the different parts of the image acquisition 
setup. Therefore, the systematic error for the displacements could not be quantified and only 
the random errors, computed as the variability of the displacement within each specimen, 
was calculated [11]. 
Strain components are computed from the local gradients in the displacement field as shown 
in equation (3). As the test was based on a ‘zero-strain’ condition, any non-zero values of 
strain were considered as error. Random errors for each specimen were calculated as 
standard deviation for each of the strain components to investigate the presence of any 
preferential components. Additionally, the mean absolute error (MAER) and standard 
deviation of the error (SDER) [25] were obtained as: 
𝑀𝐴𝐸𝑅 =  
1
𝑛
∑(
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Where 𝜀 represents the strain; 𝑐 represent the six independent strain components, 𝑘 
represents the measurement point; and 𝑛 is the total number of measurement points. MAER 
and SDER correspond to the indicators formerly known as “accuracy” and “precision”, 
respectively [17]. Additionally, the correlated volume (CV) was assessed as the volume 
where correlation was successful (> 0.6 for raw and masked images, > 0 for DaVis-mask). 
The correlated solid volume (CV/SV) was then computed dividing the CV by the SV/TV. 
3.1.3. Results 
3.1.3.1. Influence of filtering the images 
The influence of filtering the images was only assessed on the raw images prior to masking 
procedures and data screening. The use of a median and NLM filter reduced the noise in the 
images considerably (Figure 2), as depicted by the intensity histograms of each dataset. 
Furthermore, filters had a clear impact on the final mean value of the Cnorm, ranging from 
0.41 for the raw images to 0.89 (Table 1) in the trabecular bone specimens, and from 0.37 to 
0.84 in the bone-biomaterial systems, for the raw and NLMD denoised images, respectively, 
using a multi-pass scheme with a final sub-volume size of 48 voxels. However, the 
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improvement of the correlation coefficient was not related to a clear decrease of the 
measured DVC errors. Whereas filtering the images reduced the displacement random 
errors in bone-biomaterial systems (from 0.35 µm for the raw images to 0.29 µm using the 
median filtered images and 0.25 µm for the NLM filtered images), it increased those values 
for the trabecular bone specimens (from 0.21 µm for the raw images to 0.22 µm using the 
median filtered images and 0.23 µm for the NLM filtered images). Conversely, the use of a 
NLM filter was found to improve the strain uncertainties, for both trabecular bone (up to 12% 
lower errors) and bone-biomaterial specimens (up to 18% improvement), when compared to 
the use of raw or median filtered images. 
Table 1. Correlated solid volume (CV/SV), mean value of the normalized correlation coefficient 
(Cnorm), random errors affecting the displacement components, MAER and SDER on the strain 
measurements for the multi-pass scheme (final sub-volume size of 48 voxels) in trabecular bone 
and bone-biomaterial specimens analysed with the different filters used (raw images, median 
filter and NLM filter). Median values are calculated accounting for the total number of 
specimens for each type. 
 Filter 
CV/SV 
(%) 
Cnorm 
Displacement random 
errors (µm) 
Strain uncertainties 
(µε) 
    x y z MAER SDER 
Trabecular 
bone 
None 96.6 0.41 0.21 0.19 0.14 387 294 
Median 93.3 0.87 0.22 0.20 0.17 380 273 
NLM 93.0 0.89 0.23 0.21 0.15 376 257 
Bone-
Biomaterial  
None 97.4 0.37 0.35 0.22 0.14 300 215 
Median 96.1 0.73 0.29 0.22 0.15 307 215 
NLM 96.1 0.84 0.11 0.25 0.14 289 175 
 
3.1.3.2. Influence of varying the minimal fraction of valid pixels (mfvp) 
The mfvp used for DVC computation applied to the DaVis-masked images had an indirect 
effect on the CV/SV (Table 2). The CV/SV increased from 55.8% to 86.8% for the trabecular 
bone and from 83.0% to 93.9% for the bone-biomaterial specimens, for a mfvp of 50% and 
30%, respectively. Despite the changes in the CV/SV, the Cnorm remained nearly constant. 
Larger error variations were found in the trabecular bone (up to 20% change) compared to 
the bone-biomaterial systems (less than 10% change) as a function of the mfvp. A visual 
representation is shown in Figure 4. The number of successfully correlated sub-volumes 
(colour shaded) increased (higher CV/SV) when decreasing the mfvp. 
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Table 2. Correlated solid volume (CV/SV), mean normalised correlation coefficient (Cnorm), 
random errors affecting the displacement components, MAER and SDER of the strain 
measurements for the multi-pass pass scheme (final sub-volume size of 48 voxels) using 
DaVis-masked images in trabecular bone and bone-biomaterial specimens varying the minimal 
fraction of valid pixel (mfvp) for the computation. Median values are calculated accounting for 
the total number of specimens for each type. 
 
mfvp 
(%) 
CV/SV 
(%) 
Cnorm Displacement random 
errors (µm) 
Strain uncertainties 
(µε) 
    x y z MAER SDER 
Trabecular 
bone 
50 55.8 0.41 0.42 0.50 0.34 1373 736 
40 74.8 0.42 0.41 0.48 0.29 1308 692 
30 86.8 0.42 0.43 0.44 0.27 1304 670 
Bone-
Biomaterial  
50 83.0 0.56 0.21 0.27 0.16 438 337 
40 90.6 0.56 0.23 0.28 0.16 468 395 
30 93.9 0.56 0.25 0.28 0.16 491 384 
 
 
Figure 4. Normalised correlation coefficient (Cnorm) overlaid to the 2D SR-microCT tomograms 
showing the influence of varying the minimal fraction of valid pixel (mfvp) from 30% to 50% on 
the correlated volume for trabecular bone (a) and bone-biomaterial (b) specimens. Areas with a 
high density of material (top area in b) presents a higher correlation compared to areas of 
trabecular bone (bottom area in b). Scale bar is valid for all images. 
3.1.3.3. Influence of masking 
The comparison of masking the images to remove possible artifacts (i.e. bubbles (Figure 2)) 
in the marrow/saline is presented in Table 3 for the multi-pass scheme with a final sub-
volume of 48 voxels. The CV/TV was similar for the three approaches analysed, despite the 
data was filtered (only sub-volumes with correlation coefficient above 0.6 were considered) 
 Optimisation of digital volume correlation computation in SR-microCT images 
  73 
for the raw and masked images. The use of DaVis-masked notably decreased the correlation 
coefficient compared to the use of raw or masked images (57% in trabecular bone and 38% 
in bone-biomaterial systems). At the same time, the measured uncertainties in terms of 
strain and displacements were largest. Both masked and raw images showed a high 
correlation coefficient, being higher in the masked case (10% improvement in trabecular 
bone and 13% in bone-biomaterial). Furthermore, displacement random errors, MAER and 
SDER were lowest using the masked images. When compared to the raw images, the use of 
masked images reduced the MAER and SDER of 11% and 40 %, respectively, in trabecular 
bone, and of 13% and 5% in bone-biomaterial. Contrarily, using DaVis-masked the MAER 
and SDER were enlarged of 82% and 74% in trabecular bone, and of 54% and 72% in bone-
biomaterial systems. 
Table 3. Correlated solid volume (CV/SV), normalised correlation coefficient (Cnorm), random 
errors affecting the displacement components, MAER and SDER of the strain measurements for 
the multi-pass pass scheme (final sub-volume size of 48 voxels) using raw, masked and DaVis-
masked images in trabecular bone and bone-biomaterial specimens. Median values are 
calculated accounting for the total number of specimens for each type. 
 
Image CV/SV 
(%) 
Cnorm Displacement 
random errors (µm) 
Strain 
uncertainties (µε) 
    x y z MAER SDER 
Trabecular 
bone 
Raw 92.8 0.89 0.20 0.18 0.13 239 171 
Masked 86.8 0.98 0.15 0.22 0.14 212 101 
DaVis-masked 95.5 0.42 0.43 0.44 0.27 1304 670 
Bone-
Biomaterial  
Raw 94.5 0.79 0.10 0.20 0.15 225 107 
Masked 90.9 0.91 0.08 0.22 0.12 195 102 
DaVis-masked 90.0 0.56 0.25 0.28 0.16 491 384 
 
3.1.3.4. Random errors for the displacement 
The random errors affecting each component of the displacement as a function of the sub-
volume size are reported in Table 4. They ranged between 0.42 µm and 0.12 µm for the raw 
images, from 0.54 µm to 0.14 µm for the masked images, and from 0.61 µm to 0.13 µm for 
the DaVis-masked images in the trabecular bone specimens. Similarly, they ranged between 
0.40 µm and 0.08 µm for the raw images, from 0.44 µm to 0.11 µm for the masked images, 
and from 0.49 µm to 0.08 µm for the DaVis-masked images in the bone-biomaterial systems. 
Random errors were typically larger for smaller sub-volume sizes. The multi-pass scheme 
(final sub-volume size of 48 voxels) notably improved the performance in both types of 
specimens for both raw and masked options, when compared to the results obtained with 
sub-volumes of 48 voxels, where values were comparable to the case of a sub-volume size 
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of 112 voxels. Multi-pass in DaVis-masked images did not improve the displacement random 
errors in all directions when compared to the single-pass scheme (48 voxels). 
Table 4. Random errors of the displacements (µm) for the trabecular bone and bone-biomaterial 
specimens varying the sub-volume size (voxels) for the raw, masked and DaVis-masked 
images. Median values are calculated accounting for the total number of specimens for each 
type. 
 Sub-
volume 
 Raw  Masked  DaVis-masked 
   x y z  x y z  x y z 
Trabecular 
bone 
16  0.35 0.42 0.29  0.38 0.54 0.35  0.61 0.61 0.26 
32  0.32 0.35 0.26  0.35 0.52 0.36  0.54 0.55 0.26 
48  0.31 0.30 0.23  0.32 0.41 0.29  0.50 0.51 0.25 
64  0.26 0.31 0.20  0.28 0.36 0.26  0.53 0.52 0.36 
80  0.25 0.29 0.15  0.24 0.29 0.25  0.40 0.47 0.35 
96  0.24 0.32 0.13  0.23 0.30 0.22  0.40 0.35 0.30 
112  0.20 0.20 0.12  0.21 0.25 0.19  0.21 0.28 0.13 
48 (mp)  0.20 0.18 0.13  0.15 0.22 0.14  0.43 0.44 0.27 
Bone-
biomaterial  
16  0.18 0.40 0.16  0.20 0.44 0.16  0.29 0.49 0.17 
32  0.13 0.33 0.15  0.15 0.38 0.15  0.29 0.43 0.15 
48  0.12 0.28 0.13  0.12 0.36 0.14  0.24 0.37 0.14 
64  0.11 0.24 0.13  0.10 0.32 0.13  0.15 0.30 0.12 
80  0.09 0.23 0.12  0.09 0.29 0.11  0.11 0.23 0.10 
96  0.08 0.21 0.12  0.08 0.23 0.12  0.10 0.20 0.09 
112  0.08 0.19 0.13  0.08 0.22 0.12  0.09 0.18 0.08 
48 (mp)  0.10 0.20 0.13  0.08 0.22 0.12  0.25 0.28 0.16 
 
3.1.3.5. MAER and SDER 
To facilitate comparison with published literature, the scalar values MAER and SDER [25] 
were computed in order to provide a single strain value associated to each specimen. As 
expected from the results reported in previous studies [22], the measured DVC uncertainties 
had decreasing tends with respect to the sub-volume size for both types of specimens 
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(Figure 5). In particular, the median values for MAER and SDER for the bone-biomaterial 
samples ranged between 671 µε to 167 µε and 766 µε to 42 µε for the raw images, between 
695 µε to 154 µε and 679 µε to 44 µε for the masked images, and between 1525 µε to 208 
µε and 1354 µε to 71 µε for the DaVis-masked images, respectively; using sub-volumes 
sizes ranging from 16 to 112 voxels. The errors for bone-biomaterial were lower than those 
obtained for the trabecular bone specimens. The median values of MAER and SDER for the 
bone-biomaterial specimens ranged between 671 µε to 167 µε and 766 µε to 42 µε for the 
raw images, between 695 µε to 154 µε and 679 µε to 44 µε for the masked images, and 
between 1525 µε to 208 µε and 1354 µε to 71 µε for the DaVis-masked images, respectively; 
for the same sub-volumes. As for the displacement random errors, the use of DaVis-masked 
considerably enlarged the measured strain uncertainties. The multi-pass scheme (final sub-
volume size of 48 voxels) notably improved the performance in both types of specimens 
when compared to the results obtained with sub-volumes of 48 voxels for both MAER and 
SDER. 
 
Figure 5. MAER (top) and SDER (bottom) for and trabecular bone (left) and bone-biomaterial 
systems (right), for raw, masked and DaVis-masked images (blue, orange and green bars, 
respectively) as a function of the sub-volume size. Results for the multi-pass (mp) scheme are 
also shown. Bars represent the median value, while error bars represent the standard deviation 
between the number of specimens of each type. 
3.1.3.6.  Random errors for each strain component 
Increasing the sub-volume size reduced the random error of each strain component for both 
types of specimens and the different mask-based options used. As found for the 
displacement random errors, MAER and SDER, the bone-biomaterial systems were less 
affected when compared to the trabecular bone specimens. Consistently with previous 
results, the use of DaVis-masked images produced higher random errors for all strain 
 Optimisation of digital volume correlation computation in SR-microCT images 
  76 
components and they are not reported in this section. Furthermore, the use of masked 
images and multi-pass scheme reduced the uncertainties for both types of specimens when 
compared to raw images and single-pass schemes (Figure 6). For a final sub-volume of 48 
voxels using a single-pass scheme, bone-biomaterials systems were associated to median 
random errors of the strain components of 194 (εzz) – 483 (εyz) µε, and 161 (εxz) - 544 (εyz) µε 
for raw and masked images, respectively. The use of a multi-pass scheme reduced the 
random errors to 171 (εzz) – 304 (εyz) µε, and 112 (εxz) – 338 (εεyz) µε for raw and masked 
images, respectively.  Similarly, for the trabecular bone specimens the random errors were 
found to be between 485 (εzz) – 731 (εyy) µε for the raw images, and 562 (εxz) – 839 (εyy) µε 
for the masked images when using a single-pass scheme and between 261 (εzz) – 436 (εxx) 
µε for raw images, and 205 (εxz) – 426 (εyy) µε for masked images in the multi-pass scheme. 
 
Figure 6. Random errors of each strain component for trabecular bone (left) and bone-
biomaterial systems (right), computed using raw (top) and masked (bottom) images for a final 
sub-volume size of 48 voxels using a single-pass (blue) and a multi-pass (yellow) scheme. Bars 
represent the median value, while error bars represent the standard deviation accounting for the 
total number of specimens of each type. 
3.1.3.7. Spatial distribution of the errors 
Generally, larger errors were found for the trabecular bone compared to the bone-biomaterial 
specimens. In particular, the distribution of the apparent normal strain in the z-direction 
(chosen as a representative strain component for the obtained results) seemed to be more 
homogeneous in the bone-biomaterial systems when compared to the trabecular bone 
(Figure 7). As the DVC analysis is based on ‘zero-strain’ repeated scans, the strain 
distribution in Figure 7 depicted the error distribution for the εzz strain component. In areas 
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presenting bone-biomaterial, a reasonably uniform distribution of the strain was obtained. 
Conversely, for the trabecular bone sample and areas of trabecular bone in the bone-
biomaterial, larger strain errors and a more heterogeneous strain distribution was observed. 
 
Figure 7. Distribution of the z-direction strain (εzz) component for a cross-section of a trabecular 
bone (a) and a bone-biomaterial specimen(c) and for their VOIs (trabecular bone (b) and bone-
biomaterial (d)), computed using a multi-pass scheme (48 voxel final sub-volume size) on the 
masked images. As the DVC was applied to ‘zero-strain’ repeated scans, the reported strains 
represent the measured DVC uncertainties. Histograms of εzz strain distribution (e) showed 
lower strain values in the bone-biomaterial compared to trabecular bone. 
3.1.4. Discussion 
The goal of this study was to evaluate the influence of imaging post-processing and DVC 
settings on the displacement and strain error distribution within trabecular bone and bone-
biomaterial systems, using a SR-microCT based local DVC approach. More specifically, this 
work aimed at optimising those settings in order to provide accurate 3D strain 
measurements, at tissue level for further micromechanical characterisation under applied 
load. A detailed analysis of the distinct settings was covered, providing guidelines to DVC 
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users when performing experiments on similar materials (i.e. cellular/porous structures) with 
images acquired at comparable resolution and SNR (signal-to-noise ratio) in any SR 
beamline and/or lab-based system.  
The application of DVC based on high-resolution SR-microCT images of bone remains 
partially unexplored. In fact, to the author’s knowledge only three publications reported the 
used of DVC based on SR-microCT images for 3D strain measurement on bone at tissue 
level. Christen et al. [19] focused on crack propagation in murine femora, but the 
uncertainties of the computed strain were only assessed in virtually displaced images and 
not in repeated scans. Therefore, the real error induced by image noise was not taken into 
account, possibly leading to an underestimation of the errors [23]. More recently, Palanca at 
al. [26] showed that reliable strain measurements could be obtained at tissue-level using a 
global DVC approach for trabecular bone, cortical bone and murine tibia, but the 
performance of a local DVC approach and the study of bone-biomaterial interfaces was not 
explored. A comparison of two DVC algorithms (global and local approaches) in different 
bone typologies at different dimensional scales based on laboratory microCT and SR-
microCT was conducted by Dall’Ara et al. [22], including the precision of a local approach of 
bone-biomaterial systems also investigated in this study. However, only the precision of the 
DVC algorithm in terms of strain (SDER) and displacements (displacement random errors) 
was reported for the mask images, but the accuracy (MAER) and the random errors of each 
strain component were not evaluated. Furthermore, the uncertainties were evaluated on the 
entire 3D images, producing higher errors when compared to an evaluation exclusively 
within the hard phase (i.e. bone/biomaterial). In fact, the present study showed (Figure 5) 
that when computing the strain values only in the hard phase, the SDER for bone-biomaterial 
systems was found to be in the region of 100 µε, whereas Dall’Ara et al. [22] reported values 
in the order of 150 µε, for the same multi-pass scheme with a final sub-volume of 48 voxels, 
thus resulting in a 33% decrease in the SDER after the optimisation herein presented. 
Moreover, a comparison of the influence of different imaging post-processes and DVC 
settings on the resulting measurement uncertainties was not detailed. 
Despite the potential of using high-quality tomograms acquired with SR-microCT on DVC 
applications of bone and bone-materials, concerns are still raising on the damage induced by 
SR X-ray radiation [49]. In fact, when prolonged exposures times to SR X-ray radiation are 
required, the microstructural integrity of the bone tissue is compromised (Figure 1), and 
microcracks appear clearly visible in the tissue after continuous irradiation. Therefore, this 
study used low exposures times (~2 min scanning time) and kept the specimens immersed 
in saline solution during image acquisition, in order to preserve the mechanical integrity of 
the analysed specimens [31]. These two factors negatively contributed to the quality of the 
acquired tomograms (Figure 2), and further optimisation on the imaging and DVC settings 
was needed. 
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In order to understand the effect of filtering the images prior to DVC computation, two 
different filters were applied and compared to the DVC results obtained with the raw noisy 
tomograms (Table 1). For instance, this is the first time that the performance of DVC is 
compared for the same images with different denoised methods, even though the use of 
filters is common practice in image post-processing prior to DVC computation [26]. It was 
shown that the use of advanced filters (i.e. NLM filter), not only improved the correlation 
coefficient but also reduced the uncertainties for both displacements and strains in both 
types of specimens, suggesting that image denoising should be carefully considered and 
evaluated when low-quality tomograms are acquired. Furthermore, the use of robust filters is 
an essential step before image segmentation (Figure 3) prior to masking.  
In this study an iterative approach for image segmentation was adopted, allowing the 
discrimination of mineralised tissue and biomaterial from soft/watery material. Despite 
segmenting images of bone acquired via microCT is commonly performed using global 
thresholds set manually, those introduce inter-observer variation [50]. Local adaptive 
algorithms [51] can successfully segment images with strong edges (high contrast) and 
relatively uniform signal intensity. However, low-quality tomograms like those in the current 
study required a different segmentation approach. The iterative approach used in this study 
showed good visual agreement to the grey-scale image (Figure 3). However, the quality of 
the segmentation was only checked visually, resulting on an operator-dependent approach; 
thus, introducing inter-observer variation. Although stronger iterative thresholding algorithms 
[52] have proven to provide accurate results in terms of bone volume fraction, specific 
surface, and surface curvature [53], it was not within the scope of this paper to evaluate the 
morphology of the analysed specimen, but only the performance of DVC when artifacts 
presented in the non-bone may be included. Therefore, a validation of the segmentation 
procedure herein applied was not conducted, and stronger methods were not tested. 
The effect of the masking operation on the trabecular bone and bone-biomaterial composites 
was evaluated for the first time on a local DVC approach. Previously results on a global DVC 
approach based on masked images showed lower error compared to the ones obtained by 
raw images [26], in agreement with the results of this study (Table 2). The exclusion of soft 
phases, for which noise and artifacts (i.e. bubbles in saline solution) were probably 
dominant, was beneficial for DVC registration when the ‘background’ was treated as ‘zero’ 
intensity, enhancing the correlation coefficient and lowering the errors. However, the use of a 
threshold-based algorithmic mask (DaVis-masked), in which the ‘background’ region is 
excluded from DVC computation, provided higher errors and lower correlation values. That 
approach to masking may work for masking away regions outside the analysed specimen 
(i.e. to mask away regions of tooth structure in bone-periodontal ligament and tooth fibrous 
joint [54]). However, when the masking is performed at tissue level in trabecular structure, 
DVC algorithm is not able to provide a good correlation if the edges between trabeculae and 
marrow (high intensity gradient) are excluded from the computation and only gradients within 
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the trabecula are considered. In this sense, even a variation on the mfvp (Table 2) was not 
able to substantially improve the results, as those parameters affect only to the number of 
voxels to be contained within a sub-volume for being included in the computation (Figure 4). 
Despite that, the computed SDER using DaVis-masked was found to be approximately 400 
µε for the bone-biomaterial systems and 650 µε for trabecular bone using a multi-pass 
approach with a final sub-volume of 48 voxels. Those values are still tolerable for 
investigating the deformation of both types of specimens at tissue level. In fact, yielding of 
trabecular bone occurs at 10000 µε in compression [55], one order of magnitude higher than 
the computed uncertainties. Considering that the use of DaVis-masked images is the only 
way that allows displacement/strain field measurement only in the tissue using DaVis 
software, further development should be conducted to improve its performance. In fact, the 
application of DaVis-masked to high resolution images of trabecular bone at higher SNR 
may improve the performance of the algorithm, as more features would be seen within the 
trabeculae. 
In line with previous studies [22,26], the larger the sub-volume size, the lower the 
measurement uncertainties for both trabecular bone and bone-biomaterials (Figure 5). 
Furthermore, it was confirmed [11] that the multi-pass approach available in DaVis provided 
lower errors when compared to the same final sub-volume using a single-pass (Figure 6), 
due to the optimised correlation ability implemented in DaVis. For a sub-volume size of 48 
voxels or larger, equivalent to  approximately 125 µm, the SDER was found close to 100 µε 
for both trabecular bone and bone-biomaterial composites, whereas random error for each 
strain component was close to or below 300 µε for the bone-biomaterial systems and close 
to or below 400 µε for trabecular bone. These values represent 20% of the  physiological 
strain range (1000-2000 µε [56]) at tissue level [57], and 4% of the yielding strain value 
(10000 µε [55]); thus, suggesting that depending on the deformation mechanism object of 
this study, a different compromise between spatial resolution and strain uncertainties may be 
accepted. Palanca et al. [26] reported a SDER of 120 µε for a similar sub-volume size (120 
µm) in masked trabecular bone images; however, the random errors for the strain 
components were below 350 µε. The differences between both studies probably lie on the 
different effective pixel size (larger in this study) and the SNR, lower in this work due to the 
low exposure times used to minimise the irradiation-induced damage in the tissue. 
Furthermore, the difference in DVC approach (local vs global) may influence the 
measurement uncertainties based on the same datasets. In this sense, a comparison 
between global and local DVC approaches based on high-resolution SR-microCT images 
still remains unexplored. However, the measurement uncertainties were lower compared to 
local DVC approach based on laboratory microCT systems [22]. Better results were found for 
the bone-biomaterial systems compared to the trabecular bone, likely due to the much higher 
number of features present in such composites. Similar results were found in Tozzi et al. 
[24], in which the presence of bone cement in vertebral bodies strongly modified the material 
texture, and therefore, positively influence the DVC analysis. In fact, the analysis of the 
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spatial distribution of the errors (Figure 7) confirmed that hypothesis: the areas with higher 
errors in the bone-biomaterial were correlated to native trabecular bone regions. 
The current study has some limitations. Firstly, only two trabecular bone controls and four 
bone-biomaterial systems were analysed; thus, minimal statistical information can be 
extracted. The size of the bone defects and the short time allocated in the beamline made 
not possible to enlarge the sample size. Additionally, the strain errors were only calculated in 
a ‘zero-strain’ condition for repeated scans. Even though this approach allows to account for 
the intrinsic image noise, this analysis should be expanded in order to evaluate the error 
within strained specimens. Particularly, Dall’Ara et al. [22] suggested to overcome this 
limitation by evaluating the precision of the DVC approach on repeated scans of the 
structure under load. Eventually, they found that the precision was similar for both loaded 
and unloaded structures, but the accuracy could not be evaluated as the displacement field 
is unknown. In addition, Palanca et al. [26] proposed to perform the analysis in synthetically 
deformed images after imposing an affine transformation on the unloaded repeated scans; 
thus, not accounting for a realistic heterogeneous strain field. Future work must be done to 
account for more realistic loading scenarios. 
3.1.5. Conclusion 
This study demonstrated the suitability of a local DVC approach based on SR-microCT 
images to investigate the micromechanics of trabecular bone and bone-biomaterial systems 
at tissue level. This was achieved after an optimisation of image post-processing and DVC 
settings. Image quality had to be reduced by decreasing the exposure time to SR X-ray 
radiation to minimise irradiation-induce tissue damage. The use of advanced 3D filters on the 
acquired dataset enhanced DVC computation and provided a better segmentation of bone 
and biomaterial. The computation of displacement and strain values only in the mineralised 
tissue and biomaterial allowed for the exclusion of artifacts, resulting in lower errors. This 
approach has proven to be valid to evaluate full-field strain in bone and bone-biomaterial 
composites under load at the tissue level (in the region of 150 µm spatial resolution), with a 
standard deviation of the errors of approximately 100 µε. 
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Abstract 
The use of synchrotron radiation micro-computed tomography (SR-microCT) is becoming 
increasingly popular for studying the relationship between microstructure and bone 
mechanics subjected to in situ mechanical testing. However, it is well known that the effect of 
SR X-ray radiation can considerably alter the mechanical properties of bone tissue. Digital 
volume correlation (DVC) has been extensively used to compute full-field strain distributions 
in bone specimens subjected to step-wise mechanical loading, but tissue damage from 
sequential SR-microCT scans has not been previously addressed. Therefore, the aim of this 
study is to examine the influence of SR irradiation-induced microdamage on the apparent 
elastic properties of trabecular bone using DVC applied to in situ SR-microCT tomograms 
obtained with different exposure times. Results showed how DVC was able to identify high 
local strain levels (>10,000 µε) corresponding to visible microcracks at high irradiation doses 
(~230 kGy), despite the apparent elastic properties remained unaltered. Microcracks were 
not detected and bone plasticity was preserved for low irradiation doses (~33 kGy), although 
image quality and consequently, DVC performance were reduced. DVC results suggested 
some local deterioration of tissue that might have resulted from mechanical strain 
concentration further enhanced by some level of local irradiation even for low accumulated 
dose. 
Keywords: Bone; X-ray radiation; dose; tissue damage; SR-microCT; digital volume 
correlation; in situ testing. 
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4.1.1. Introduction 
A deep understanding of bone mechanics at different dimensional scales is of fundamental 
importance since musculoskeletal pathologies such as osteoporosis or bone metastasis are 
associated with alterations in the bone structure [1]. Thus, advances in mechanical 
characterisation of bone at the micro- and nanoscale [2–4] would ultimately improve the 
assessment of the effect of treatments and interventions in pathological conditions [5,6]. 
Several studies have investigated the relationship between microstructure and bone tissue 
mechanics using a combination of mechanical testing and X-ray micro-computed 
tomography (microCT), known as in situ (or 4D) microCT [7–10]. However, in situ 
experiments performed in laboratory microCT systems require long times to acquire high 
quality tomograms (high signal to noise ratio (SNR)) and reducing the scanning time is 
therefore an essential requirement. In this perspective, high-energy synchrotron radiation 
micro-computed tomography (SR-microCT) has become a very powerful technique able to 
combine fast acquisition of three-dimensional (3D) microstructures with high spatial 
resolution (~1 µm voxel size) [11,12]. Over the past decade, SR-microCT was employed for 
studying the microarchitecture and deformation field of bone under in situ mechanical testing 
[13–15], notably enhancing the understanding of bone failure mechanisms. Unfortunately, 
the cumulative effect of sequential step-wise SR-microCT irradiation on the mechanical 
properties of bone tissue was never addressed.  
Important guidelines to date on the effect of X-ray irradiation on bone mechanics were 
described in Barth et al. [16,17] who reported how high exposures to SR X-ray radiation lead 
to a deterioration of the mechanical properties of bone resulting in reduced strength, ductility 
and toughness as a consequence of collagen matrix degradation. Particularly, in [16, 17] 
deformation and fracture of human cortical bone were evaluated following irradiations up to 
630 kGrays (kGy) to simulate typical scan time for a tomographic data set. It was shown how 
plastic deformation was suppressed after 70 kGy of radiation, due to the reduction of strain 
carried by the collagen fibrils from ~80% (unirradiated) to ~40% of the applied tissue strain, 
and apparent strain decreased by a factor of five after tripling the radiation dose; ultimately, 
suggesting that in situ SR-microCT testing, typically requiring multiple sequential tomograms 
of the same sample over time, may result in accumulation of significantly large radiation 
doses that affect mechanical properties [6]. However, despite an ideal safety value in the 
region of 35 kGy (and below) was suggested, corresponding to the typical dose used to 
sterilize bone allografts [18], uncertainties still remain on what is the effect of X-ray SR 
radiation on the genesis and development of bone microdamage with different accumulated 
dose. Particularly, the impact of the total radiation dose, close to the proposed limit of 35 
kGy, on bone elastic properties. In addition, dose calculation on bone in Barth et al. [16, 17] 
was carried out on mathematical terms taking into account only bone mass and assuming a 
reasonably uniform distribution for the absorption of X-rays within the sample. This may be 
working well in some experiments but not in others where multiple materials are on the 
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beam-path (i.e. in situ loading devices containing the bone in saline solution) and certainly 
can only provide an average evaluation, where local dose on the tissue cannot be estimated.   
With the recent and rapid advances of high-resolution microCT in conjunction with in situ 
mechanical testing [19,20], digital volume correlation (DVC) [21] has gained increasing 
popularity as the only image-based experimental technique capable of investigating 3D full-
field displacement and strain in trabecular bone [22–25], cortical bone [25,26], wholes bones 
[27–30], biomaterials [31] and bone-biomaterial systems [32] under different loading 
conditions. Very recently, DVC applied to SR-microCT of bone has been used to 
characterise the level of uncertainties in displacement and strain measurements for different 
bone types, including bovine trabecular, bovine cortical and murine tibiae [33]. However, to 
the authors knowledge, there is only one study using DVC for actual in situ SR-microCT 
testing of cortical bone [26], but none reporting SR-microCT-based DVC for trabecular bone. 
In addition, Christen et al. [26] proposed a DVC analysis, assuming that the obtained 
displacements and strains were only related to the bone mechanics and virtually ‘unaffected’ 
by the SR radiation and total accumulated radiation dose during sequential tomography. 
Therefore, it is critical to evaluate how bone mechanics, particularly in the elastic regime, is 
influenced by SR-microCT exposure during in situ experiments on bone, confirming that the 
irradiation does not induce important damage to the tissue. This is also a mandatory pre-
requisite to fully enable the application of DVC computed on bone undergoing in situ SR-
microCT mechanical testing, particularly for tomograms with resulting quality that may be 
limited by safe X-ray dose. On the other hand, the unique ability of DVC to detect local levels 
of strains in bone structures with the consequent possibility of predicting failure location [30] 
when values in the range of 8,000-10,000 µε (deemed sufficient to produce bone tissue 
yielding [34,35]) are computed can provide precious indications on the local degree of tissue 
deterioration due to cumulative SR X-ray exposure. 
The aim of this study was therefore to use DVC applied to in situ SR-microCT images of 
trabecular bone in order to investigate, for the first time, the influence of SR irradiation-
induced tissue damage on the apparent elastic properties at variable radiation doses. In 
addition, the dose distribution delivered to bone specimens was simulated to gain a better 
understanding on the combination of local irradiation and mechanical strain concentration on 
tissue damage. Doses ranging from 4.7 to 32.9 kGy per tomogram were investigated, 
achieved by varying the exposure time to SR X-ray radiation (from 64 to 512 ms per 
projection). The findings of this paper will improve knowledge on bone degradation during 
SR X-ray exposure and provide important indications on procedures to be used for in situ 
mechanics and DVC evaluation. 
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4.1.2. Methods 
4.1.2.1. Specimen preparation 
Ovine trabecular bone from fresh frozen femoral condyles was used in this study, following 
Ethics approval granted by the Royal Veterinary College and in compliance with the United 
Kingdom Home Office regulations (Animal Scientific Procedures Act [1986]). Four cylindrical 
cores, 18 mm in height, 4 mm in diameter were extracted from the femoral lateral condyles in 
proximal-distal direction by drilling with a coring tool and the ends of the cores were trimmed 
plane and parallel. End-constraint was achieved by embedding the ends of the samples in 
poly-methyl-methacrylate (PMMA) endcaps. Approximately, 5 mm of bone was embedded 
into each endcap to achieve a 2:1 aspect ratio and reduce experimental artifacts [36]. 
Samples were kept frozen at –20° and thawed for approximately 2h in saline solution at 
room temperature before testing. 
4.1.2.2. SR-microCT imaging and in situ mechanics 
SR-microCT was performed at the Diamond-Manchester Imaging Branchline I13-2 [37] of 
Diamond Light Source (DLS), UK. A filtered (1.3 mm pyrolytic graphite, 3.2 mm aluminium 
and 60 µm steel) polychromatic ‘pink’ beam (5-35 keV) was used with an undulator gap of 5 
mm for data collection and, to limit sample damage, 11 mm for low-dose alignment. The 
propagation (sample-to-scintillator) distance was approximately 50 mm. Images were 
recorded by a pco.edge 5.5 (PCO AG, Germany) detector which was coupled to a 500 µm-
thick CdWO4 scintillator and a visual light microscope (Figure 1-I). The effective voxel size 
was 2.6 µm, with a field of view of 6.7 x 5.6 mm. Different X-ray radiation doses were 
obtained for each specimen by using variable exposure times per projection: 512, 256, 128 
and 64 ms, with 11 ms overhead per exposure. For each dataset, 1801 projection images 
were collected over 180 degrees of continuous rotation (‘fly scan’). The final image was not 
used for reconstruction but was compared to the first image to check for experimental 
problems including sample deformation and bulk movements [38]. The projection images 
were flat and dark corrected prior to reconstruction. For each dataset, 40 flat and dark 
images were collected. Reconstruction was performed at DLS using the in-house software, 
DAWN [38,39], incorporating ring artefact suppression.   
In situ uniaxial compression testing was performed via a micro-mechanical loading stage 
(CT5000, Deben Ltd, UK).  Specimens were immersed in saline solution throughout the test 
to simulate physiological conditions. All tests were carried out under displacement control at 
a constant cross-head speed of 0.1 mm/min. A small preload (5 N) was first applied to 
ensure good end contact prior to testing, followed by 10 cycles of preconditioning. Each 
bone specimen was then subjected to seven loading cycles in the apparent elastic range [39] 
(0.5% global strain) and full tomographic datasets were acquired under compression at the 
end of each cycle (Figure 2), after allowing the samples to settle for 10 minutes to reduce 
stress relaxation during imaging. Specimens that did not show any visible microdamage (i.e. 
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microcracks) after visual inspection of the reconstructed images at the end of the loading 
cycles were loaded up to failure to investigate the presence of apparent plasticity in the 
bone.   
For each specimen, seven datasets were obtained corresponding to the different loading 
cycles. The 3D images (Figure 1-II, III) were filtered (Figure 1-IV) and masked (Figure 1-V) 
prior to DVC analysis (Supplementary material S1).  Additionally, the bone volume (BV) was 
obtained using BoneJ [40] plugin for Fiji to assess possible correlations with DVC 
measurements. 
 
Figure 1. (I) Experimental setup at I13-2 beamline. The direction of the beam is indicated by the 
dashed line (a). Samples were scanned within the loading stage (b) using a pco.edge 5.5 
detector (c) and a 1.25X objective (2.5X total magnification) (d). SR-microCT reconstruction of 
trabecular bone (II): each cylindrical specimen was imaged with an effective voxel size of 2.6 
µm using different exposure times: 512, 256, 128 and 64 ms. A cubic (1000*1000*1000 voxels) 
volume of interest (VOI) was obtained at the centre of each specimen (III). 2 -dimensional (2D) 
slice through the middle of the VOI before (IV) and after (V) mineralised tissue was masked 
from the marrow. 
4.1.2.3. Dose calculation 
The average photon energy and photon flux during the synchrotron experiment was 
estimated using SPECTRA code [41], to be 28.93 keV  and 4.9 x 10
13
 photons/s respectively 
(23 keV and 3 x 10
10
 photons/s during alignment), using a 2 x 2 mm aperture 220 m after the 
X-ray source. These values took in consideration the transmission of the filters and the 
reflectivity of the platinum mirror used during the experiment. The delivered dose rate  was 
simulated using FLUKA Monte Carlo code [42], for the fixed set of parameters used in the 
Beamline. The geometry simulated in FLUKA consisted on a trabecular bone specimen 
within the loading device (Supplementary material S2). The bone specimen was assumed as 
a cylinder (4 mm diameter, 10 mm length, density of 0.5 g/cm
3
 [43]) placed in the centre of 
the environmental chamber (40 mm inner diameter, 3 mm thickness) made of glassy-carbon 
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(density of 1.5 g/cm
3
) and filled with saline solution (density of 1 g/cm
3
). The chamber was 
located inside the loading stage glassy-carbon tube (56 mm inner diameter, 4.5 mm 
thickness). The implemented stoichiometry was the following: Ca-22.5, P-10.3, C-15.5, N-
4.2, O-43.5, S-0.3, Mg-0.2. The simulation results have an error below 15%. Further details 
on the dose simulation can be found on the Supplementary material S2. The nominal 
radiation dose absorbed by each sample during sequential tomography was computed 
multiplying the dose rate by the scanning time (Table 1). 
4.1.2.4. Digital volume correlation 
DaVis-DC software (v8.3, LaVision, Goettingen, Germany) was used to couple SR 
irradiation-induced damage and mechanical bone yielding with the differences in full-field 
strains developed in the tissue after each loading cycle for the highly- and lowly-irradiated 
specimens (32.9 and 4.7 kGy/tomogram). The software is based on a local approach of DVC 
computation, which has been deemed sufficiently precise to be used in bone mechanics 
[24,32,44–47]. Details on the computation algorithm used in DaVis-DC are reported 
elsewhere [31,44]. The evaluation of the level of uncertainties or ‘baseline strains’ was 
performed in the first two consecutive datasets for both specimens, obtained under the same 
constant nominal strain, where the irradiation-induced damage was deemed as minimal 
(Supplementary material S1). DVC was applied to the masked images (where the non-bone 
was treated as a black ‘zero count’ region), to avoid large strain artefacts in regions with no 
pattern (i.e. saline solution, marrow). The presented DVC computation relied on a multi-pass 
scheme with a final sub-volume of 64 voxels, producing the best compromise between 
precision and spatial resolution (precision errors below 2 µm for displacements and lower 
than 510 µε. This was then used to register the reference image (first loading cycle) with 
each of the remaining images after each loading cycle and computing the corresponding 
differential strain field (Figure 2).  
To allow comparisons with previous studies, two different scalar indicators were computed 
for each registration: mean absolute differential strain value and standard deviation of the 
differential strain value, defined as the mean and standard deviation, respectively, of the 
average of the absolute values of the six components of strain for each sub-volume (similar 
to MAER and SDER [33,48]). The correlated volume (CV) was assessed as the volume 
where correlation was achieved. The correlated bone volume (CV/BV) was then computed 
dividing the CV by the BV. Data were screened for outliers applying the criterion of Peirce 
[49] to the CV/BV. In order to evaluate the full-field differential strain distribution in the VOIs 
over time in relation to the deformation induced by the SR irradiation damage, maximum and 
minimum principal differential strains were computed for the samples exposed to higher and 
lower radiation. Additionally, the damaged bone volume (BVy) was computed as the tissue 
voxels exceeding ±10,000 µε. 
 Effect of SR-microCT radiation on the mechanical integrity of trabecular bone 
  94 
 
Figure 2. Workflow used to combine in situ SR-microCT and DVC. Specimens were cyclically 
loaded in the apparent elastic regime (up to 0.5% nominal strain) seven times and SR-microCT 
images were acquired under maximum load. DVC was performed using the first 3D image as a 
reference state and computing the differential strain field between the reference and the 
remaining consecutive tomograms. 
4.1.3. Results 
A qualitative inspection of the SR-microCT images showed the development of multiple 
microcracks (Figure 3-I, 3-II) in the samples exposed to high radiation doses (32.9 and 16.8 
kGy/tomogram) that started to be visible after the fifth (164.7 kGy accumulated dose) and 
sixth cycles (100.9 kGy accumulated dose), respectively. Microdamage in the second one 
(16.8 kGy/tomogram) degenerated into a trabecular collapse. Samples imaged at lower 
radiation doses (8.8 and 4.7 kGy/tomogram) did not present any visible microcracks. 
Detailed images of a single trabecula (Figure 3-III) allow a better comparison of the image 
quality, dependent on the exposure time. Bone lacunae can be identified only for the highest 
exposures (32.9, 16.8 kGy/tomogram). Additionally, important ring artifacts are visible in the 
8.8 kGy specimen.  
The stress-strain curves (Figure 4) presented a different behaviour for each of the 
specimens studied. The apparent mechanics of the 32.9 kGy/tomogram sample (Figure 4-I) 
remained within the elastic range even after the microcracks started to develop (after the fifth 
cycle). A maximum global stress of 0.4 MPa was reached at 0.5% nominal strain in the first 
cycle, and a progressive reduction of the stiffness was observed. The 16.8 kGy/tomogram 
sample reached the same maximum global stress (0.4 MPa) at 0.5% strain, however, the 
reduction of the stiffness after 5 cycles was considerably higher. A less pronounced 
reduction of stiffness was found for the 8.8 kGy/tomogram specimen (Figure 4-III)., whereas 
the sample imaged at lower radiation dose did not show any notable changes in the 
apparent elastic properties during the seven loading cycles (Figure 4-IV). At a nominal 
applied strain of 0.5%, maximum global stress of 0.48 and 0.60 MPa were obtained for the 
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8.8 and 4.7 kGy/tomogram specimens, respectively. Samples imaged at the highest 
radiation doses failed within the estimated elastic range from the previous cycles (Figure 4-
V). For the 16.8 kGy/tomogram sample, a fragile failure was reached after the sixth loading 
cycle, when the microcracks started to be visible, under an applied load within the previously 
estimated elastic range. Conversely, the less irradiated samples did not reach the failure 
within the seven applied loading cycles, in agreement with the visual inspection of SR-
microCT images. The 8.8 kGy/tomogram specimen did not present any plasticity before 
failing, which was then reached at ~1.7% global strain with an applied stress of 1.4 MPa. 
The stress-strain curve of the 4.7 kGy/tomogram specimen instead presented the typical 
behaviour of ductile cellular materials, such as trabecular bone. The yield was observed at 
0.9% strain, resulting in a 0.99 MPa yield stress. Failure was experienced at 0.97 MPa stress 
and 3.9% strain. 
 
Figure 3. SR-microCT 2D slices acquired under load in the trabecular elastic range (0.5% 
apparent strain) at different radiation doses (rows for 32.9, 16.8, 8.8 and 4.7 kGy/tomogram) 
after the 1
st
 (column I) and 7
th
 (column II) loading cycles. White squares indicate regions 
augmented to show a single trabecula (column III). Red arrows indicate damage location in the 
tissue (i.e. microcrack, fracture). Bone lacunae remain visible within the trabeculae (column III) 
only for the highest exposures (32.9, 16.8 kGy), whereas no features could be identified for the 
lowest exposures (8.8, 4.7 kGy). Scale bars are valid for same columns. 
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Figure 4. Stress-strain curves for the tested specimens. (I-IV) are showing the 1st (blue), 4th 
(orange) and 7th (green) loading-unloading cycles (solid-dotted curve, respectively). Reduction 
in the stiffness after each cycle is observed in I-III. Samples exposed to lowest doses (8.8 and 
4.7 kGy/tomogram) were loaded up to failure after the seven loading cycles (V), whereas the 
ones at higher doses (16.8 and 32.9 kGy/tomogram) were damaged or failed within the previous 
seven elastic cycles. 
The dose rate distribution simulated in the bone cylinder is shown in Figure 5. Maximum 
dose (58 Gy/s) is accumulated in the centre of the specimen (Figure 5-II, III) where the X-ray 
beam impinges on and decreases through the sample (Figure 5-I), with minimum dose 
(2.7Gy/s) towards the base of the cylinder. The average dose rate within the simulated 
cylinder was computed as 35 Gy/s (6.4 Gy/s standard deviation) during image acquisition 
(0.2 Gy/s during alignment). The accumulated dose for each specimen during the sequential 
tomograms is reported in Table 1, together with the total scan time computed as a function of 
the exposure time per projection.  
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Figure 5. Dose rate distribution within a cylindrical trabecular bone specimen simulated in 
FLUKA. 3D sections in x (I), y (II) and z (III) directions of the simulated bone specimen within 
the saline solution are shown. The X-ray beam comes along the z direction from negative to 
positive direction.  
Table 1. Total scan time and nominal radiation dose absorbed by each sample per cyclic 
loading, calculated by varying the exposure time. Values were truncated to one decimal place. 
Exposure time 512 ms/projection 
Load cycles 1 2 3 4 5 6 7 
Scan time (min) 15.7 31.4 47.1 62.8 78.5 94.1 109.8 
Dose accumulated (kGy) 32.9 65.9 98.8 131.8 164.7 197.7 230.6 
Exposure time 256 ms/projection 
Load cycles 1 2 3 4 5 6 7 
Scan time (min) 8.0 16.0 24.0 32.0 40.1 48.1 56.1 
Dose accumulated (kGy) 16.8 33.6 50.5 67.3 84.1 100.9 117.7 
Exposure time 128 ms/projection 
Load cycles 1 2 3 4 5 6 7 
Scan time (min) 4.2 8.3 12.5 16.7 20.9 25.0 29.2 
Dose accumulated (kGy) 8.8 17.5 26.3 35.0 43.8 52.5 61.3 
Exposure time 64 ms/projection 
Load cycles 1 2 3 4 5 6 7 
Scan time (min) 2.3 4.5 6.8 9.0 11.3 13.5 15.8 
Dose accumulated (kGy) 4.7 9.5 14.2 18.9 23.6 28.4 33.1 
 
Values of the correlated bone volume, damaged bone volume and (mean and standard 
deviation) differential strain values from DVC are summarized in Table 2. The more 
irradiated specimen (32.9 kGy/tomogram) presented a decrease in the CV/BV as the number 
of load cycles increased (from 93.6% to 66.3%), consistent with the development of 
microcracks in the tissue. Conversely, the less irradiated specimen (4.7 kGy/tomogram) 
showed a more stable CV/BV for all the analysed images. The application of Peirce’s 
criterion concluded that the CV/BV after 4 and 6 cycles (lowest CV/BV) were outliers and 
strain results were therefore not computed. Mean and standard deviation of the differential 
strain values after the second loading cycle (first two consecutive tomograms) can be 
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interpreted as indicators of the baseline strain uncertainties; these increase for lower 
exposure due to the decrease of image quality, with a precision value below 150 µε for the 
highly-irradiated specimen and slightly above 500 µε for the lowly-irradiated specimen. Both 
bone volume damage and differential strain value progressively increase with the applied 
loading cycles and consecutive scans. This increment was more dramatic in the 32.9 kGy 
specimen, with more than half its volume exceeding the considered threshold in the yield 
strain (± 10,000 µε). 
Table 2. Correlated bone volume (CV/BV), damaged bone volume (BVy) and mean ± standard 
deviation of the differential strains (∆ε) for each loading cycle in the specimens subjected to 
highest (32.9 kGy/tomogram) and lowest (4.7 kGy/tomogram) radiation doses, as computed 
using DVC. 
Dose/cycle 32.9 kGy 
Load cycles 2 3 4 5 6 7 
CV/BV (%) 93.6 90.6 85.6 74.2 73.4 66.3 
BVy (%) 0 0 0.24 30.1 61.2 57.1 
∆ε (µε) 405 ± 142 828 ± 320 1546 ± 582 3632 ± 1660 5546 ± 2078 6752 ± 2830 
Dose/cycle 4.7 kGy 
Load cycles 2 3 4 5 6 7 
CB/BV (%) 94.3 88.5 72.7 88.4 73.7 88.3 
BVy (%) 0 0 NC
1
 7.0 NC
1
 13.9 
∆ε (µε) 928 ± 504 868 ± 502 NC1 1369 ± 1155 NC1 1563 ± 3142 
 1
 Not computed data. Data identified as outlier after applying the criterion of Peirce.  
The internal differential strain distributions (first and third principal strain components) for the 
highly irradiated sample imaged are reported in Figure 6. The distribution of both 
components well described the damage events. After the first two loading cycles, the 
differential strain distribution was homogeneous throughout the entire volume (Figure 6-I). As 
the loading cycles increased, the strain values increased, and the strain field became more 
heterogeneous (Figure 6-II, III), in agreement with the random distribution of microcracks 
within the entire volume. The histograms for both differential principal strains (Figure 6-IV) 
captured the strain evolution within the studied VOI. After two loading cycles, the number of 
sub-volumes exceeding ±1,000 µε was considerably low, however, increasing the loading 
cycles and therefore the total exposure to radiation, the number of sub-volumes exceeding 
those values increased significantly, reaching maximum amplitude values exceeding ± 
10,000 µε at the end of the test. In addition, a single trabecula was tracked during the 
different cycles to visualize the progression of strain coupled with the microdamage in the 
tissue (Figure 7). It can be seen how maximum differential strains were reached in regions of 
microcracks development (red arrows). Microcracks location corresponded to strain values 
above 8,000 µε in tension and 6,000 µε in compression after 5 loading steps and exceeded ± 
10,000 µε at the end of the test. Despite the development of multiple microcracks, the overall 
look of the tracked trabecula did not present any noticeable change in the deformed 
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configuration. Additionally, before damage became identifiable (5
th
 cycle), the strain 
distribution seemed to predict the location of damage initiation. In an analogous manner, the 
differential strain distribution was plotted for the sample imaged at low radiation dose (4.7 
kGy/tomogram). Both first and third differential principal strains are shown in Figure 8. 
Although slightly higher strain values were found after loading the sample for seven cycles, 
the differences in the 3D full-field differential strains at the end of each step were minimal. 
The histograms (Figure 8-IV) showed maximum amplitudes below 1,000 µε in tension and 
compression after the 5
th
 loading cycle and close to 3,000 µε after the last loading step.  
 
Figure 6. 3D differential strain distribution in trabecular bone tissue for the highly-irradiated 
sample (32.9 kGy/tomogram). First (Δεp1) and third (Δεp3) differential principal strains are 
represented after two (I), five (II) and seven (III) loading cycles. Histograms of the differential 
strain distribution in the tissue voxels (IV) after the same loading cycles are shown with the 
correspondent maximum strain amplitudes. High exposures produced an important damage in 
the bone during sequential tomograms and the differential first (Δεp1) and third (Δεp3) principal 
strains were largely above 10,000 µε after the 7
th
 cycle. 
 
Figure 7. 3D distribution of first (Δεp1) and third (Δεp3) principal differential strains on a single 
trabecula tracked during the different loading cycles (cycle number indicated for each DVC 
computation) for the highly irradiated sample (32.9 kGy/tomogram). Arrows indicate microcracks 
visible in the tissue. 
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Figure 8. 3D differential strain distribution in trabecular bone tissue for the low-irradiated sample 
(4.7 kGy/tomogram). First (Δεp1) and third (Δεp3) differential principal strains are represented 
after two (I), five (II) and seven (III) loading cycles. Histograms of the differential strain 
distribution in the tissue voxels (IV) after the same loading cycles are shown with the 
correspondent maximum strain amplitudes. The reduction in exposure time considerably 
reduced the damage induced in the bone during sequential tomograms, although some areas of 
strain concentration could be identified. 
4.1.4. Discussion 
 The main aim of this paper was to investigate and quantify, for the first time, the influence of 
the irradiation-induced trabecular bone damage on its apparent elastic properties and local 
deformation using DVC applied to in situ SR-microCT images. Structurally, the irradiation 
affects the collagen environment (increasing the degree of cross-linking), resulting in a 
progressive loss in the post-yield deformation leading to a decline in strength, toughness and 
ductility of bone [16]; thus, special attention is needed for in situ mechanical studies involving 
high flux X-ray radiation. A deeper understanding of the full-field differential strain 
accumulated in the tissue due to the X-ray synchrotron radiation was achieved. In fact, 
despite that a number of studies used SR-microCT in conjunction with in situ mechanical 
testing to characterize bone microstructure and mechanics [13–15], the potential of DVC  to 
high resolution SR-microCT remains partially unexplored [26,33].  
The results reported in this paper clearly show the progressive strain accumulation in the 
tissue when increasing the total exposure time to SR X-ray radiation (Figs. 6, 7), and 
consequently the accumulated radiation dose.  Furthermore, DVC successfully correlated 
the presence of microcracks in the highly-irradiated sample to large levels of tensile and 
compressive strains, above or close to the typical values of trabecular bone yielding (i.e. 
6,200 µε in tension and 10,400 µε in compression [34] for human trabecular tissue and 7,800 
µε in tension and 10,900 µε in compression [35] for bovine trabecular tissue). In fact, the 
main potential of DVC is in its ability to predict damage location before gross failure occurs, 
when high-strain concentrations typical of tissue yielding are building up [29,30]. In this 
sense, the results herein obtained clearly show how local strain concentration progressed 
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from the 4th loading cycle and resulted in microcracks detection in the next cycle (Figure 7). 
It could be argued that the applied repetitive loading during the experiment, much like a low 
cycle fatigue, may influence the full-field strain measured in the tissue. In fact, it is not easy 
to decouple both phenomena. Singhal et al. [50] distinguished between the damage due to 
mechanical loading and irradiation by using control samples subjected only to load or 
irradiation and found that although the apparent modulus remained unaffected by both 
events, the residual strains were largely altered primarily due to the irradiation, and, to a 
lower extent, by mechanical loading. However, this type of analysis is not possible when 
using DVC applied to SR-microCT in situ tested samples, as image acquisition is needed, 
and this necessarily involves exposure to irradiation. Furthermore, for the less irradiated 
specimen (4.7 kGy/tomogram) some areas of strain concentration were identified using DVC 
from the second load cycle (Figure 8) even though the apparent mechanical behaviour of 
such specimen was normal (Figure 4-IV). This localised strain concentration was further 
recognised, and its evolution was tracked during the remaining loading steps. Despite the 
fact that all the specimens were loaded in the apparent elastic regime (0.5% global strain) 
and that the stress-strain curve for the 4.7 kGy specimen presented a linear elastic 
behaviour beyond 0.5% strain, some microstructural damage can still appear. In fact, as 
reported by Moore et al. [39] while an applied compressive strain of 0.4% resulted in no 
microdamage to the specimens, an increment of the strain from 0.4% to 0.8% showed an 
increase in the number of damaged trabeculae. Additionally, the top face of the specimen 
experienced important levels of compressive strain, more likely due to the applied load than 
to the radiation exposure. Also, as only a small VOI at the centre of the specimens was 
analysed it is then possible that strain concentration out of that region was not assessed 
using DVC, what may affect the computation on the edges of the VOI. However, the aim of 
this study was to quantify the effect of the irradiation on the bone tissue and it has been 
shown (Figure 5) that maximum doses are accumulated in the centre of the specimen where 
the X-ray beam impinges.  
In order to define a safe exposure that would not compromise the mechanical stability of the 
tissues, different exposure times to SR irradiation were evaluated, leading to a wide range of 
radiation doses. The total radiation dose absorbed by the specimens depends on multiple 
factors (i.e. beam size, flux, energy, filters). However, the delivered dose rate is based on the 
specifications of the tomography beamlines (i.e. flux, energy) and it is more complex for 
users to control. Therefore, varying the total exposure time (number of projections and/or 
exposure per projection) results on a straightforward approach to achieve different radiation 
doses. In addition, being the current study based on DVC performance itself, it was decided 
to control exposure as for image quality. It has been shown (Figure 3) that reducing the 
accumulated dose to 33 kGy facilitated tissue preservation, but at the same time the image 
quality was significantly reduced, as the exposure time was set to 64 ms/projection. This was 
perceived by DVC as important levels of strain uncertainties up to ~500 µε, although still 
acceptable to discriminate tissue yielding. Furthermore, the reduction of image quality may 
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also be responsible for the low CV/BV found for the 4th and 6th loading cycles, identified as 
outliers. In any case, DVC indicated that the microdamage induced by irradiation was by far 
more important that the uncertainties (Figs. 6, 7). Two recent studies [33,47] measuring 
strain uncertainties on high-quality images obtained by SR-microCT reported SDER values 
below 150 µε for an equivalent sub-volume size, close to the values obtained in this study for 
the highly irradiated specimen, where image quality is comparable. It is worth to recall that 
the strain uncertainties computed in this study were not based on a zero-strain test that is 
typically performed in DVC studies [33,44,46], as all the images were acquired under applied 
load and this can potentially alter the significance of uncertainty measurement due to the 
random presence of mechanically accumulated strains. For this reason, all the registrations 
performed using DVC were considered as differential or residual strains, where the strain 
produced in the compression stage up to 0.5% could not be computed. In fact, since the aim 
of this work was to assess the effect of X-ray radiation on the apparent mechanics of the 
tissue, introducing two more scans before loading the specimens would have produced an 
additional dose accumulation on the specimens prior to the mechanical testing; hence, 
potentially altering the tissue properties. The reliability of DVC in terms of strain uncertainties 
on tissue measurements is limited in most microCT systems [44,51] that typically have low 
spatial resolution and SNR. By contrast, SR-microCT enables micro-resolution at high SNR, 
providing more features to improve DVC computation, and therefore the characterization in a 
3D manner of bone microdamage. However, this study illustrates that when prolonged 
exposure times are required, the microstructural integrity of bone tissue is compromised. 
Consequently, one could question the results of any mechanical studies involving high 
irradiation levels. Hence, it is surprising that bone tissue behaviour has been previously 
studied using time-lapsed SR-microCT [14,26] and, although concerns about the effect of the 
irradiation were discussed, the possible microcracks formation and/or progression due to 
irradiation damage was never addressed. 
The accumulated dose distribution delivered to each bone specimen was simulated using 
FLUKA Monte Carlo code, which has been extensively used for dose calculations in the 
medical field [52–54]. The simulation considered not only the trabecular bone specimen but 
also its environment, which seemed to considerably reduce the average dose rate compared 
to that of the bone in dry air (decrease on the average dose rate from 90 Gy/s in dry 
conditions (air) to 35 Gy/s in saline solution within the loading device). Bone specimens were 
simulated as homogeneous cylinders with an apparent density of 0.5 g/cm
3
 (see 
supplementary material S2). The chosen density value is well aligned with the bone mineral 
density of ovine femoral condyles [55] and the average volume fraction (0.33 ± 0.04) of the 
four specimens, and in agreement with previous literature [43] on ovine trabecular bone. 
Despite a simulation based on the real trabecular geometry would be beneficial for a more 
accurate computation of the local dose accumulation in the tissue, it was not within the 
scope of this study to perform sample-specific dose simulations, but to have a close 
estimation on the absorbed dose. However, a correlation between tissue strain developed 
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due to SR radiation and related local dose would be an attractive topic for further studies in 
the field.  
The average dose computed in this study with FLUKA is well in agreement to that obtained 
using mathematical formulation previously proposed [16] (see supplementary material S2). 
Barth et al. [16] defined a “safe” irradiation level of 35 kGy and since then, this has been 
considered as a reference in several studies using SR radiation for imaging bone tissue 
[56,57]. That dose value corresponds to the maximum standard dose typically used in tissue 
banks in order to sterilize bone allografts for bone replacement  [18]. In a follow-up study 
[17], it was suggested that no notable difference in the mechanical integrity of the bone could 
be detected for irradiation doses below 35 kGy. In agreement with that statement, the 
present study showed that for the less irradiated specimen (dose of ~33 kGy) the stress-
strain curve presented a normal behaviour, although DVC identified higher strain values at 
the end of the loading cycles. High strains may as well be caused by localised tissue 
irradiation, other than local mechanical strain concentration, which could not be visually 
detected in the reconstructed images due to the low SNR. In fact, the simulated dose rate 
can locally reach values of 60 Gy/s (Figure 5), which results in a radiation dose of ~50 kGy 
for the less irradiated specimen after seven tomograms, and this may induce some tissue 
microdamage accumulated over sequential acquisition. This is an important aspect as some 
local microdamage could still be produced by SR radiation even when apparent average 
dose is contained within safe values. Additionally, it could be seen that for a total dose ~60 
kGy, a loss of plasticity was observed for the 8.8 kGy/tomogram specimen (Figure 4-V), in a 
comparable way as found by Barth et al. [16] for irradiation doses as low as 70 kGy. Most 
importantly, this study illustrates that the presence of microcracks is not always correlated 
with an alteration on the apparent mechanical properties of the bone (Figure 3-I). In fact, 
despite the accumulated dose was above 230 kGy, the elastic apparent properties remained 
unaltered. This finding is particularly interesting and suggests how only apparent mechanical 
behaviour of bone is not necessarily indicative of structural integrity and preserved 
properties, when specimen is exposed to high-flux synchrotron radiation.  
To date, different studies have investigated how SR radiation affects the deformation and 
fracture properties of human cortical bone [16,17] and bovine cortical bone [50], 
nevertheless this work presented the first quantification of the irradiation-induce damage at 
tissue level. At the apparent level, this study reported insignificant effect on the elastic 
behaviour; conversely, the plastic deformation was largely affected, in accordance to 
previous literature [16,17,50]. Strain evaluation on the irradiated specimens was carried out 
by Barth et al. [17] and Singhal et al. [50] using in situ Small- and Wide-Angle X-ray 
Scattering (SAXS and WAXS). A partition of strain between the collagen fibrils and mineral 
crystal is possible using both techniques; however, in situ SR-microCT overcome the 
limitations of two-dimensional information in SAXS and WAXS experiments, providing three-
dimensional structural information. A correlation of different imaging techniques at various 
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dimensional scales would allow a better understanding of the main mechanism causing the 
damage accumulation in the bone tissue. While SAXS and WAXS could provide information 
on the changes in the toughening at the level of the mineralized collagen fibrils and the 
mineral particles, in situ SR-microCT would allow visualization and quantification of the 
induced damage, as well as a full-field strain computation using DVC.  
In situ SR-microCT mechanical testing and DVC require the acquisition of several 
tomograms to study deformation mechanisms. This process inevitably exposes the samples 
to higher SR radiation, sensitive in the case of biological tissues, and can vary depending on 
the proposed experimental design (i.e. number of in situ steps p/experiment). Synchrotron 
users could interact with beamline scientists ahead of the beamtime to evaluate the 
expected irradiation dose levels in advance and consequently plan the experiment based on 
the total amount of time that samples can be exposed.  
However, further investigation should be performed to evaluate the optimal imaging setting 
preserving bone tissue integrity while maximizing imaging quality, and clearly establishing 
the damage induced on the tissue. In this way, DVC measured strain uncertainties could be 
minimised and successfully applied to SR-microCT in situ mechanically tested bone 
samples. 
4.1.5. Conclusion 
The internal full-field strain from DVC applied to SR-microCT images under a constant 
applied load at different cycling steps was measured in trabecular bone samples for different 
exposures to X-ray SR radiation. Local and average dose on the bone were simulated taking 
into account all the materials in the beam-path. Average maximum dose values ranged 
between ~33 and ~ 230 kGy for exposures of 64 and 512 ms per frame, respectively. 
Irradiation-induced microcracks developed in the tissue were successfully matched with 
important level of strain when a higher dose of 32.9 kGy/tomogram was used. Reduced 
exposure (64 ms/projection), leading to a considered safe average dose of 35 kGy, was able 
to control the microdamage and preserve the mechanical performance of the tissue, but 
notably decreased the quality of the images and consequently the DVC performance. Image 
settings and number of scans performed should be carefully chosen prior to any in situ SR-
microCT experiment in order to maintain the radiation dose below the suggested safe 
threshold (35 kGy), without compromising the mechanical properties of the tissue. Future 
work is mandatory to clearly establish the damage induced on the tissue in SR-microCT for 
in situ mechanics, as well as consequent DVC performance. 
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Supplementary material S1 
Image post-processing 
For each specimen, seven datasets were obtained corresponding to the different loading 
cycles. These 3D images (Figure 1-II) were registered with Fiji software [59] using the first 
acquired dataset as a reference to align them rigidly. Registration was performed minimizing 
the Euclidean difference between the reference and the target image, followed by a 
resampling using a cubic spline interpolation [60]. After registration, a volume of interest 
(VOI) was cropped for each 3D image, consisting of a parallelepiped with side lengths of 
1000 voxels (2.6 mm
3
) in the centre of the scanned volume (Figure 1-II, III). Noise in the 
images was reduced by applying a 3D median filter (radius = 2 pixels) (Figure 1-IV). 
Additionally, the original SR-microCT images were also masked (Figure 1-V) by setting to 
zero the voxels in the background (i.e. bone marrow). A binary image (value one for bone 
voxel and zero elsewhere) was first created from the filtered images using Otsu’s threshold 
algorithm [61] followed by two cycles of closing (erosion followed by dilation), opening 
(dilation followed by erosion) and purifying (location of all particles in 3D and removal of all 
but the largest foreground and background particles [62]). These three operations removed 
isolated pixels and filled in small holes. The quality of the binary images was checked by 
visual inspection. Masked images, with the original greyscale value in the bony voxels, and 
zero elsewhere, were obtained multiplying the filtered to the binary images. 
Evaluation of ‘baseline’ strains 
The evaluation of the level of uncertainties or ‘baseline’ stains was performed in the first two 
consecutive datasets for the highly- and lowly-irradiated specimens, obtained under the 
same constant nominal strain (0.5%), where both irradiation-induced and mechanical 
damage were deemed as minimal. As the images were acquired in the same deformed 
state, same displacement and strain fields are expected. Therefore, any non-zero values of 
the measured differential displacement and derived differential strain using DVC were 
considered as error. Six sub-volume sizes (from 16 to 112, in steps of 16 voxels), and a 
multi-pass scheme with a final sub-volume of 64 voxels were investigated. For each sub-
volume, three different parameters were computed. 
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• Random errors for the differential displacement: standard deviation of each displacement 
component, as in [44]. 
• Mean absolute differential strain value: average of the average of the absolute values of 
the six components of the differential strain, similar to MAER or “accuracy”, as in [22,33] 
• Standard deviation of the differential strain value: standard deviation of the average of 
the absolute values of the six components of the differential strain, similar to SDER or 
“precision”, as in [22,33]. 
The random errors of each differential component of the displacement never exceeded 0.34 
voxels (0.89 µm) for the 512 ms specimen and 0.81 voxels (2.10 µm) for the 64 ms 
specimen (Table S1). The errors obtained for the displacements in the 512 ms were lower 
than those for the 64 ms, due to the decreased of image quality. A trend could be observed 
for both specimens, the higher the sub-volume size, the lower the random errors. 
Furthermore, the multi-pass approach reduced the random errors compared to a single-pass 
using the same sub-volume size. 
Table S1. Random errors for the three displacement components for the highly- and lowly-
irradiated specimens (512 ms and 64 ms). 
Sub-volume (voxel) 
Differential displacement random errors (µm) 
512 ms  64 ms 
X Y Z  X Y Z 
16 0.78 0.75 0.84  2.11 2.08 0.86 
32 0.74 0.81 0.89  1.99 1.92 0.56 
48 0.69 0.66 0.79  1.99 1.86 0.41 
64 0.65 0.52 0.74  1.97 1.77 0.31 
80 0.60 0.41 0.69  1.90 1.59 0.23 
96 0.58 0.33 0.65  1.90 1.54 0.20 
112 0.62 0.33 0.65  1.93 1.57 0.20 
Multipass (64) 0.62 0.38 0.60  1.96 1.68 0.24 
 
As expected from previous studies on bone [33,47], the strain uncertainties of the DVC had 
decreasing trends with respect to the sub-volume size, and the values of the mean value of 
the differential strain were larger than the standard deviation (Figure S1). The mean 
differential strain value ranged between 3856 µε and 329 µε for the 512 ms samples and 
between 6200 µε and 731 µε for the 64 ms sample, in sub-volumes of 16 to 112 voxels (41.6 
to 291.2 µm). The standard deviation of the differential strain value ranged between 2192 µε 
and 119 µε for the 512 ms samples and between 3721 µε and 269 µε for the 64 ms sample, 
in the same sub-volumes. The multi-pass approach provided a lower level of uncertainties 
compared to the same sub-volume using a single-pass. 
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Figure S1. Relationship between the mean differential strain value (right) and standard 
deviation of the differential strain value (left) with the sub-volume size for both specimens and 
corresponding power laws. Power laws and coefficients of determination (R2) are also reported.  
Supplementary material S2: Estimation of radiation exposures 
Introduction 
Trabecular bone specimens in this study underwent several consecutive tomograms using 
high-energy synchrotron radiation, which resulted in a progressive radiation dose 
accumulation within the bone tissue. To the author’s knowledge only two studies [16,63] 
addressed a similar procedure for estimating the radiation dose absorbed by bone samples 
subjected to SR-microCT. However, the proposed formulation considered a uniform 
distribution for the absorption of X-rays within the samples. Therefore, the manuscript used a 
simulation using FLUKA Monte Carlo code [42] of the delivered dose during the acquisition 
of one tomography scan, providing not only the average dose absorbed by the specimen, but 
also the local distribution. Nevertheless, an estimation of the delivered dose was also carried 
out and presented in this text following the proposed formulation in previous studies and 
compared to average simulated dose. 
Simulated geometry (FLUKA Monte Carlo) 
The geometry simulated in FLUKA consisted on a trabecular bone sample within the loading 
device as described in the manuscript. A scheme of the simulated geometry is shown in 
Figure S1-I, in which a different colour is assigned to each material. The bone specimen was 
assumed as a cylinder (orange, 4 mm diameter, 10 mm length, density of 0.5 g/cm
3
 [43]) 
placed in the centre of the environmental chamber (40 mm inner diameter, 3 mm thickness) 
made of glassy-carbon (grey, density of 1.5 g/cm
3
) and filled with saline solution (blue, 
density of 1 g/cm
3
). The absorption profile (Fig S2-II) was obtained from the simulation and 
the transmitted (I) and incident (I0) X-ray intensities where calculated as the intensities after 
and before the bone, respectively, where the bone sample (4 mm in diameter, 10 mm in 
length) was positioned in the centre of the geometry. 
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Beam parameters 
The average photon energy and photon flux during the experiment was estimated using 
SPECTRA code [41] as described in the manuscript, using a 2 x 2 mm aperture 220 m after 
the X-ray source. Filters (1.3 mm pyrolytic graphite, 3.2 mm aluminium and 60 µm steel) and 
reflectivity of the platinum mirror used during the experiment were considered. An average 
beam energy, 𝐸 = 28.93 𝑘𝑒𝑉 and photon flux, 𝛷 = 4.9 × 1013 𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝑠 was calculated. 
Average simulated dose (FLUKA Monte Carlo) 
The delivered dose was simulated for the previously described geometry. The simulation 
results have an error below 15%, such an error is associated to the standard deviation of the 
energy deposition of the simulated X-ray when interacts with an object. In fact, it is the 
statistical error associated to the probability of absorption in matter. From the simulation, the 
absorption profile (Figure S2-II) and the energy deposition (Figure 5) is calculated. The 
average dose rate in the target volume was obtained as an output of the simulation 
?̇?𝑎𝑣𝑒𝑟𝑎𝑔𝑒,𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 = 35 𝐺𝑦 𝑠
−1 (6.4 𝐺𝑦 𝑠−1 standard deviation).  
Estimated dose (previous formulation) 
1. Estimation of mass attenuation coefficient, α 
The mass attenuation coefficient was calculated using the Beer-Lambert Law [64]: 
𝑇 = 
𝐼
𝐼0
= 𝑒−𝛼𝜌𝑙  
Where T is the transmission of X-rays through a material, of thickness l, 𝛼 is the mass 
attenuation coefficient (cm
2
 g
-1
) and ρ is the density (g cm
-3
). 
2. Estimation of the flux density, 𝜓 
Due to the cylindrical geometry of the bone specimen, the X-ray path through it is not 
constant. Therefore, a numerical integration is performed splitting half of the cylinder 
(considering symmetry) in 90 steps of 1 degree. For each angle, the surface seen by the 
incident X-rays can be calculated as: 
𝑆𝑖  = sin ∆𝜃𝑖  × 𝑟 × ℎ 
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Where Si is the surface seen by the X-rays at each angle θi, r is the radius of the specimen 
and h is its height. 
The flux at the surface, 𝜓𝑠𝑢𝑟𝑓 is then calculated from the value of the photon flux, 𝛷(photons 
s
-1
), simulated using SPECTRA code [41]: 
𝜓𝑠𝑢𝑟𝑓,𝑖 = 𝑆𝑖  × 𝐼𝑜 × 𝛷  
The thickness of the sample, l, varies as a function of the angle θ. 
𝑙𝑖  = cos 𝜗𝑖 × 𝑟 × 2 
The transmission, T, of X-rays through the cylinder is expressed using the Beer-Lambert 
Law: 
𝑇𝑖 = 𝑒
−𝛼𝜌𝑙𝑖 
The fraction of X-rays absorbed, A, by the samples is given as (1-T). The flux absorbed  ψa,i 
(photons s
-1
) is then calculated as: 
𝜓𝑎,𝑖  = 𝐴 × 𝜓𝑠𝑢𝑟𝑓,𝑖 
Doing a numerical integration of the flux absorbed at each angular step, the total absorbed 
flux, 𝜓 (photons s-1) is obtained: 
𝜓𝑇 = 2 ×∑𝜓𝑎,𝑖
90
𝑖=1
 
And the flux density, ψ (photons/s/cm3), is obtained dividing the total flux divided by the 
volume of the specimen, V: 
𝜓 =
𝜓𝑇
𝑉⁄  
3. Estimation of the radiation dose 
To estimate the radiation dose absorbed by the sample, which is measured is grays (1 Gy ≡ 
1 J kg
-1
), the radiation flux density is converted into an energy density, 𝐸𝑝 (J s
-3
 cm-
3
). 
𝐸𝑝 = 𝜓 × 1.6 × 10−19
𝐽
𝑒𝑉⁄  × 𝐸 
̇
 
Where 𝐸 is the energy of the beam in eV and the dose rate, ?̇? (Gy s-1), can be obtained as: 
?̇? =
𝐸𝑝
𝜌
= 43.7 𝐺𝑦 𝑠−1  
 
Comparison 
The total irradiation dose, 𝑑, received during each exposure can be then found from the dose 
rate and the total exposure time during image acquisition. 
𝑑 = ?̇? × 𝑡 
A comparison between the accumulated dose for each specimen during the seven 
sequential tomographies is reported in Table S2, computed varying the exposure time. 
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Table S2. Nominal radiation absorbed by each specimen after each loading cycle, calculated by 
varying the exposure time. Values were truncated to one decimal place. 
Exposure time 512 ms 
Load cycles 1 2 3 4 5 6 7 
Average accumulated dose simulated 
(kGy) 
32.9 65.9 98.8 131.8 164.7 197.7 230.6 
Estimated accumulated dose (kGy) 41.1 82.3 123.4 164.6 205.7 246.8 288.0 
Exposure time 256 ms 
Load cycles 1 2 3 4 5 6 7 
Average accumulated dose simulated 
(kGy) 
16.8 33.6 50.5 67.3 84.1 100.9 117.7 
Estimated accumulated dose (kGy) 21.0 42.0 63.0 84.0 105.0 126.0 147.0 
Exposure time 128 ms 
Load cycles 1 2 3 4 5 6 7 
Average accumulated dose simulated 
(kGy) 
8.8 17.5 26.3 35.0 43.8 52.5 61.3 
Estimated accumulated dose (kGy) 10.9 21.9 32.8 43.7 54.7 65.6 76.5 
Exposure time 64 ms 
Load cycles 1 2 3 4 5 6 7 
Average accumulated dose simulated 
(kGy) 
4.7 9.5 14.2 18.9 23.6 28.4 33.1 
Estimated accumulated dose (kGy) 5.9 11.8 17.7 23.6 29.5 35.4 41.3 
 
Discussion 
The average dose simulated in this study is in well agreement to the estimated dose using 
mathematical formulation previously proposed [16,63]. The estimation presented herein 
assumed that the X-rays pierce a constant thickness of bone material (a constant value is 
used in the Beer-Lambert Law), corresponding to the sample diameter. However, due to the 
cylindrical geometry of the specimen, X-rays go through a different thickness at the centre of 
the specimen while off centre. Therefore, the extra thickness assumed in this estimation 
overestimate the dose absorbed by the specimen compared to the simulation using FLUKA 
Monte Carlo. 
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Abstract 
Digital volume correlation (DVC), combined with in situ synchrotron micro-computed 
tomography (SR-microCT) mechanics, allows for 3D full-field strain measurement in bone at 
the tissue level. However, long exposures to SR radiation are known to induce bone damage 
and reliable experimental protocols able to preserve tissue properties are still lacking. This 
study aimed to propose a proof-of-concept methodology to retain bone tissue integrity, 
based on residual strain determination using DVC, by decreasing the environmental 
temperature during in situ SR-microCT testing. Compact and trabecular bone specimens 
underwent five consecutive full tomographic data collections either at room temperature or 
0°C. Lowering the temperature seemed to reduce microdamage in trabecular bone but had 
minimal effect on compact bone. A consistent temperature gradient was measured at each 
exposure period, and its prolonged effect in time may induce localised collagen denaturation 
and subsequent damage. DVC provided useful information on irradiation-induced microcrack 
initiation and propagation. Future work is necessary to apply these findings to in situ SR-
microCT mechanical tests, and to establish protocols aiming to minimise the SR irradiation-
induced damage of bone. 
 
Keywords: Bone; X-ray radiation; tissue damage; SR-microCT; digital volume correlation; 
temperature control. 
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4.2.1. Introduction 
Bone is a highly heterogenous, anisotropic and hierarchical material that is organised at 
various levels to optimise its mechanical competence [1]. Thus, it is essential to understand 
the mechanics of its different components and the structural relationships between them at 
the different dimensional scales [2–4]. This is of fundamental importance since many 
musculoskeletal pathologies, such as osteoporosis, are associated with alterations in bone 
quality at the micro- and nanoscale [5]. Therefore, novel techniques aim at characterising the 
deformation mechanisms of bone in a three-dimensional (3D) manner, from apparent to 
tissue level, and establishing their links with bone structure [6–8]. 
To date, the only experimental method that allows for 3D strain measurements within the 
bone structure is digital volume correlation (DVC) in combination with in situ microcomputed 
tomography (microCT) testing [9–11]. DVC has been widely used in bone mechanics to 
investigate full-field displacement and strain in cortical [12] and trabecular [13,14] bone at 
different dimensional scales and loading conditions, providing a unique insight to the 3D 
deformation of such complex material. Nevertheless, in order to characterise bone failure 
mechanisms at the tissue level, high-resolution microCT is needed [11,15,16]. High-energy 
synchrotron radiation (SR) microCT has proven to provide fast high-quality image acquisition 
of bone microstructure with high spatial resolution (~1 µm), and together with in situ 
mechanical studies, it has allowed for a detailed coupling between 3D bone microstructure 
and deformation [6,17,18]. Furthermore, recent studies have combined in situ SR-microCT 
mechanics with DVC to investigate the internal strain and microdamage evaluation of cortical 
bone [12], trabecular bone [14] and bone-biomaterial systems [19], enhancing the 
understanding of bone failure at the microscale.  
However, it is known that high exposures to SR X-ray radiation lead to a deterioration in the 
mechanical properties of bone as a consequence of collagen matrix degradation [20,21]. 
Similarly, ionising radiation, such as gamma rays, commonly used to sterilise bone allografts 
[22], and X-rays, negatively affects the mechanical and biological properties of the tissue by 
the degradation of the collagen present in the bone matrix [20,23–27]. Specifically, radiation 
produces reactive free radicals by the radiolysis of water molecules, which splits the 
polypeptides chains of the collagen and induces cross-linking reactions, causing collagen 
denaturation [28–30]. In clinical practice, the adverse effects of gamma radiation during 
sterilization have been successfully reduced by irradiating the bone while frozen [31,32]. 
Lowering the temperature is beneficial, as it reduces the mobility of free radicals and, 
therefore, their ability to interact with collagen molecules [33,34]. Particularly, Hamer et al. 
[31] observed that cortical bone irradiated at low temperatures (−78 °C) was less brittle and 
had less collagen damage when compared to the bone irradiated at room temperature. 
Additionally, Cornu et al. [32] showed that ultimate strength, stiffness and work to failure 
were not reduced significantly on trabecular bone irradiated under dry ice. In the field of high-
resolution X-ray imaging of biological samples, protection against radiation damage is also 
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essential to preserve their integrity. Cryofixation methods have been demonstrated to protect 
biological samples from visible structural damage and have enabled cryo-soft X-ray 
tomography (cryo-SXT) to become the only imaging modality able to provide nanoscale 3D 
information of whole cells in a near-native state [35–37]. However, soft X-rays (~0.1–1 keV) 
are not able to penetrate bone tissue, nor can they be accommodated for in situ mechanics 
protocols. Furthermore, cryotechniques involve freeze-drying of the specimens at −150 °C 
and have been shown to induce microdamage and significantly reduce torsional strength, 
compressive yield stress and compressive modulus of cortical bone [32,38–40]. Hence, low 
temperatures positively influence bone preservation during irradiation. However, mechanical 
testing of bone in such conditions, below the freezing temperature of water, cannot be 
conducted, as the mechanical properties of bone would be affected. In fact, due to the large 
water content of bone, ice crystals may cause structural damage to the tissue [23]. 
Therefore, it is essential to define some guidelines in order to preserve bone tissue integrity 
and mechanics during in situ SR-microCT experiments. Very recently, DVC applied to SR-
microCT images of trabecular bone was used to investigate the influence of SR irradiation-
induced microdamage on the bone’s apparent mechanics [14]. Microcracks were detected in 
the bone tissue after long exposures to SR radiation, despite the apparent elastic properties 
remaining unaltered. Also, high local strain levels were observed that corresponded to the 
microdamaged areas. However, reducing the total exposure to SR X-ray radiation was able 
to preserve bone integrity and plasticity. The results of that study [14] provided important 
information on bone degradation and residual strain accumulation resulting from SR X-ray 
exposure, but the study had some limitations. Firstly, bone specimens were subjected to 
cyclic mechanical loading during SR-microCT imaging; thus, the full-field strain 
measurements were not entirely due to SR irradiation but also to the mechanics. In fact, 
DVC results showed that even at reduced exposures to SR radiation, there were some 
regions of high strain concentration, which may have been induced by the mechanical load 
and further enhanced by the irradiation. Secondly, reducing the total exposure by decreasing 
the exposure time per projection during SR-microCT acquisition notably decreased image 
quality and, consequently, DVC performance. Hence, further evaluation and optimisation of 
the imaging setup is needed in order to preserve bone integrity while maximising image 
quality for reliable DVC-computed full-field measurement within the bone tissue. 
In this context, there is a clear need to define experimental protocols for in situ SR-microCT 
mechanics able to preserve bone tissue integrity against SR X-ray radiation-induced 
damage, exploiting the research conducted in different fields. The aim of this study is, 
therefore, to propose a novel proof-of-concept methodology to retain bone tissue integrity, 
based on residual strain determination via DVC, by decreasing the environmental 
temperature during SR-microCT testing. 
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4.2.2.  Materials and methods 
4.2.2.1. Specimen preparation 
Samples were obtained from a fresh bovine femur. A section (20 mm in thickness) was cut 
with a hacksaw from the proximal diaphysis of the femur and a diamond-coated core drill 
was used to extract 4 mm cylindrical compact (n = 2) and 6 mm trabecular (n = 2) bone 
specimens under constant water irrigation. The ends of the cores were trimmed to achieve a 
12 mm length for the compact and a 16 mm length for the trabecular bone specimens. Brass 
endcaps were used to embed the ends of the specimens (~2 mm), ensuring perpendicularity 
between the bone cores and the endcap bases. Samples were kept frozen at −20 °C and 
thawed for approximately 2 h in saline solution at room temperature before imaging. 
4.2.2.2. SR-microCT imaging 
SR-microCT was performed at the Diamond-Manchester Imaging Branchline I13-2   (Figure 
1a) of Diamond Light Source (DLS), Oxfordshire, UK. A partially coherent polychromatic 
‘pink’ beam (5–35 keV) of parallel geometry was generated by an undulator from an electron 
storage ring of 3.0 GeV. The undulator gap was set to 5 mm for data collection and, to limit 
bone damage, 11 mm for low-dose alignment. The beam was reflected from the platinum 
stripe of a grazing-incidence focusing mirror and high-pass filtered with 1.4 mm pyrolytic 
graphite, 3.2 mm aluminium and 50 µm steel. The propagation (sample-to-scintillator) 
distance was approximately 40 mm. Images were recorded by a sCMOS (2560 × 2160 
pixels) pco.edge 5.5 (PCO AG, Kelheim, Germany  ) detector which was coupled to a 500 
µm-thick CdWO4 scintillator and a visual light microscope with a 4× objective lens, providing 
a total magnification of 8×. This resulted in an effective voxel size of 0.81 µm and a field of 
view of 2.1 × 1.8 mm
2
. A total of 1801 projection images were collected over 180° of 
continuous rotation (‘fly-scan’), with an exposure time of 512 ms per projection (11 ms 
overhead per exposure), adopting the imaging conditions reported in [14]. The total scanning 
time was approximately 15 min. The projection images were flat-field- and dark-field-
corrected prior to image reconstruction using SAVU [41], which incorporated ring artefact 
suppression and optical distortion correction [42]. Each specimen underwent five full 
consecutive tomographic data collections. 
4.2.2.3. In situ testing and temperature control 
Specimens were placed within an in situ testing device (CT5000-TEC, Deben, Bury Saint 
Edmunds, UK  ) and kept in saline solution during image acquisition (Figure 1a). The device 
is equipped with a 5 kN load cell, Peltier heated and cooled jaws with a temperature range 
from −20 °C to +160 °C and an environmental chamber. A small preload (2–5 N) was first 
applied to ensure good end-contact and avoid motion artefacts during tomographic 
acquisition, after which the actuator was stopped, and the jaws’ positions held throughout the 
test. Bone specimens (N = 1 compact and N = 1 trabecular) were imaged at room 
temperature (Troom ≈ 23 °C) and at ~0 °C (N = 1 compact and N = 1 trabecular) by cooling 
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and keeping the Peltier jaws at the target temperature. A thermocouple (Type K, RS Pro, RS 
Components, UK) was also attached to the surface of the bone samples and was used 
during the in situ test to monitor the temperature directly at the tissue during image 
acquisition and between tomographies. Temperature measurements and recordings were 
processed with a thermocouple data logger (USB TC-08, Pico Technology, UK). For reliable 
temperature measurements, the thermocouple was calibrated prior to the experiment.  
4.2.2.4. Image post-processing 
Five datasets were obtained for each specimen and further processed using Fiji   platform 
[43]. After image reconstruction, each 3D dataset consisted of 2000 images (2400 × 2400 
pixels) with 32-bit grey-levels. Images were converted to 8-bit greyscale and cropped to 
parallelepipeds (volume of interest (VOI)) with a cross-section of 1400 × 1400 pixels (1.134 × 
1.134 mm2) and a height equal to 1800 pixels (1.46 mm) in the centre of the scanned 
volume (Figure 1b,c). Noise in the images was reduced by applying a nonlocal means filter 
[44], where the variance of the noise was automatically estimated for each dataset [45]. The 
five consecutive scans per specimen were first rigidly registered using the first acquired 
dataset as a reference. The 3D rigid registration was based on sum of squares differences 
as a similarity measurement between the reference and each target image. Finally, the 
filtered VOIs were masked by setting to zero-intensity the non-bony voxels (i.e.,   Haversian 
and Volkmann’s canals in compact bone and bone marrow space in trabecular bone). A 
binary image (value of one for bone voxel and zero elsewhere) was first created using Otsu’s 
threshold algorithm followed by a despeckling filter to remove 3D regions less than three 
voxels in volume both in white and black areas, which are mainly related to nonfiltered noise. 
Additionally, isolated pixels were removed, and small holes were filled by using a series of 
morphological operations as described in [16]. The quality of the binary images was checked 
by visual inspection. Masked images, with the original greyscale value in the bony voxels 
and zero elsewhere, were obtained by multiplying the filtered image with the final binary 
image (Figure 1d,e). 
4.2.2.5. Digital volume correlation 
Digital volume correlation (DaVis v10.0, LaVision, Göttingen, Germany  ) was carried out to 
evaluate the residual strain in the bone tissue due to progressive damage induced by X-ray 
exposure to SR radiation during SR-microCT at different temperatures. DaVis software is 
based on a local approach of correlation, which has been widely used in bone mechanics 
[13,14,46]. Details on the operating principles of the software are reported elsewhere [16,47]. 
DVC was applied to the masked images to avoid large strain artefacts in regions with 
insufficient greyscale pattern (i.e. bone marrow) [16]. A different multi-pass scheme was 
used for the DVC computation on compact and trabecular specimens after an evaluation of 
the baseline strains in the first two consecutive tomograms for the four specimens, obtained 
in a nominal ‘zero-strain’ state, where the irradiation-induced damage was considered 
minimal (Supporting Information S1). A final subvolume of 32 voxels, reached via 
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successive(predictor) passes using subvolumes of 112, 56, 48 and 40 voxels, was used for 
the compact bone, whereas, for the trabecular bone, a final subvolume of 64 voxels, reached 
via successive passes of 112, 88, 80 and 72 voxels, was adopted. Given the voxel size of 
the SR-microCT images, the final DVC measurement spatial resolution was 25.9 µm for 
compact and 51.8 µm for trabecular bones. Additionally, in both cases, subvolumes with a 
correlation coefficient below 0.6 were removed from the resultant displacement vectors to 
avoid artefacts due to poor correlation. The different processing schemes for both bone 
typologies mainly depended on the higher number of features (i.e. osteocyte lacunae) 
available in the compact bone specimens compared to the trabecular ones, which allowed a 
smaller subvolume size to be used for the former [11].  
 
Figure 1. (a) Experimental setup at I13-2 beamline. The direction of the beam is indicated by 
the dashed-dotted line. Specimens were scanned within a loading device using a 4X lens 
objective. The temperature in the device was controlled with a circulating coolant and monitored 
on the tissue via an additional thermocouple attached to the surface of the specimens. SR-
microCT reconstructed volume of interest (VOI) (1.13 x 1.13 x 1.46 mm
3
) analysed for (b) 
trabecular and (c) compact bones with an effective voxel size of 0.81 µm. 2D cross -section 
through the middle of the VOI after masking the bone marrow (d) from the trabecular bone and 
the Haversian and Volkmann’s canals (e) from the compact bone.  
To evaluate the 3D full-field residual strain distribution in the bone tissue over time in relation 
to the damage induced by continuous X-ray exposure to SR radiation, DVC was performed 
by registering the reference image (first acquired tomogram) with each of the remaining 
tomograms. First (εp1) and third (εp3) principal strains and maximum shear (γmax) strain were 
computed within the bone volume after a bicubic interpolation of the measured strain. 
Furthermore, in order to couple the initiation and propagation of microcracks in the tissue 
with the displacement and first principal strain directions, dedicated MATLAB (v2018a, 
MathWorks, Natick, Massachusetts, USA) scripts were developed. The MATLAB scripts 
allow for the representation of any set of orthogonal slices within the volume and for the 
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computation of the displacement and first principal strain values and their corresponding 
direction for each subvolume. 
4.2.3. Results 
4.2.3.1. In situ testing and temperature control 
Temperature readings from the thermocouple attached to the surface of the bone specimens 
suggested a consistent temperature gradient (∆T = 0.4 °C) at each exposure period (Figure 
2a) corresponding to the opening (rise in temperature) and closing (drop in temperature) of 
the X-ray shutter. Small fluctuations in the temperature were recorded once the X-ray shutter 
was open, as they are more evident during tomographic acquisition compared to the steady 
position. However, those fluctuations were far less important than the temperate gradients 
recorded between consecutive tomographies. The stress-relaxation curves recorded during 
in situ testing showed that the X-ray beam significantly influenced the relaxation behaviour of 
the trabecular bone specimen at room temperature (Figure 2b). A consistent increase in the 
force was recorded after the start of each tomographic acquisition. This trend was not 
observed for the compact bone specimen. 
Figure 2. (a) Temperature readings measured using a thermocouple attached to the compact 
and trabecular bone surface at room temperature. The solid line corresponds to thermocouple 
readings during ~15 min with the X-ray shutter opened and the thermocouple in the beam path. 
Dotted lines represent thermocouple readings during tomographic acquisition. The sudden drop 
and consequent rise in temperature coincide with the closing and opening of the X-ray shutter. 
(b) Force readings in trabecular bone specimen at room temperature during five consecutive 
tomograms. An increase in the force was observed and corresponded with the opening of the X-
ray shutter. 
4.2.3.2. Compact bone 
No damage was visually detected in the compact bone specimens after five tomograms, 
either at room temperature or 0°C. The residual εp1 distribution (Figure 3) did not show any 
notable changes in the tissue after the acquisition of two (Figure 3a) and five (Figure 3b) 
tomograms, with some localised areas of higher residual strain in the specimen imaged at 
room temperature. The strain histograms (Figure 3c) showed peak values below 1000 µε for 
both specimens, and no clear trends were observed between exposure to SR radiation and 
peak strain values. However, histograms showed tails with higher strains after five 
tomograms at room temperature compared to 0°C. Similar findings were observed for the 
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residual εp3 and γmax (Supporting Information, Figure S2), suggesting a strain redistribution 
between consecutive tomographies, which did not cause important damage overall. Highly 
strained regions of the specimen tested at room temperature were localised around the 
Haversian and Volkmann’s canals (Figure 4). Residual strain in a region of approximately 20 
µm surrounding the canals was compared to the strain in the internal bone matrix volume. 
Particularly, the cumulative histograms of γmax (Figure 4e) after two and five acquired 
tomograms showed slightly higher strains around the canals for the same bone volume 
percentage. 
  
Figure 3. Three-dimensional first principal strain (εp1) distribution in compact bone tissue 
imaged at room temperature (top) and 0 °C (bottom) after two (a) and five (b) acquired 
tomograms. A representative cube (~1 mm
3
) in the centre of the analysed VOI is represented. 
Histograms of the residual strain distribution (c) in the tissue are shown for all the acquired 
tomograms. 
  
Figure 4. Maximum shear strain (γmax) distribution in compact bone tissue imaged at room 
temperature. Cross-sections in 2D are shown after (a) two, (b) three, (c) four and (d) five 
acquired tomograms. Arrows indicate highly strained regions. A cumulative histogram of the 
residual strain (e) in the tissue voxels around the canals (solid lines) and the remaining bone 
matrix (dotted lines) is shown for after two and five tomograms.   
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4.2.3.3. Trabecular bone 
A visual inspection of the reconstructed images showed the presence of several microcracks 
after five tomograms, corresponding to ~80 min of total exposure to SR X-ray radiation, in 
the trabecular bone specimen at room temperature. However, decreasing the temperature to 
0 °C facilitated tissue preservation, as microdamage was not observed. Furthermore, the 
high levels of residual strain measured with DVC correlated well with the microdamage 
visible from the images. The histograms of residual strain distributions (Figure 5) after each 
tomogram highlighted the differences between the two trabecular bone specimens. On one 
hand, the specimen imaged at room temperature showed a consistent increase in residual 
strain when increasing the exposure to X-ray radiation (Figure 5a–c). This trend was clearly 
observed in εp1 (Figure 5a), for which strain peak values increased from ~1500 to ~3000 µε 
after two and five consecutive scans, respectively. εp3 (Figure 5b) peak values were found to 
be below −1500 µε, whereas peak γmax (Figure 5c) ranged from ~2000 µε to ~3500 µε after 
two and five tomograms, respectively. The residual strain accumulation was less evident for 
the trabecular bone specimen maintained at 0°C (Figure 5d–f). In fact, peak strain values 
remained below ±1000 µε for εp1 (Figure 5d) and εp3 (Figure 5 e), respectively, and below 
2000 µε for γmax (Figure 5f) after five tomograms. The 3D full-field strain distribution in the 
trabecular bone (Figure 6) was accumulated in the tissue after each tomogram. In particular, 
for the specimen at room temperature (Figure 6, top), it could be seen that εp1 was 
increasing after each tomography, and regions of high residual strains after two full 
tomographies (Figure 6a, top) were progressively enlarged, reaching strain values of over 
4000 µε after five tomograms (Figure 6d, top). This strain accumulation was less pronounced 
in the specimen at 0 °C (Figure 6, bottom), although some areas of high strain concentration 
were observed after each tomogram. Furthermore, some strain redistributions could be seen 
after three (Figure 6b, bottom) and four (Figure 6c, bottom) full tomographies. 
  
Figure 5. Histograms of the residual strain distribution in trabecular bone tissue imaged at room 
temperature (top) and 0°C (bottom). (a, d) First principal strains (εp1), (b, e) third principal 
strains (εp3), and (c, f) maximum shear strains (γmax) after each acquired tomogram are shown. 
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Figure 6. Three-dimensional full-field first principal strain (εp1) distribution in trabecular bone 
tissue imaged at room temperature (top) and 0 °C (bottom) after the acquisition of (a) two, (b) 
three, (c) four, and (d) five consecutive tomograms. A representative cube (~1 mm
3
) in the 
centre of the analysed VOI is represented. Animations of strain distribution over time available 
online (see available electronic data AVI_4.2.6 in thesis annexes). 
4.2.3.4. Tracking of crack formation 
Microcracks were clearly visible in the trabecular bone specimen imaged at room 
temperature after five tomograms (Figure 7a,b). A region inside a trabecula (Figure 7b) was 
tracked during the in situ test to couple the residual strain accumulation with the crack 
formation. The displacement field around the damaged region (Figure 7c–f) suggested a 
relative motion between regions at both sides of the cracks since the earliest stages, before 
cracking was visible (Figure 7c–e). In fact, low displacements were found on one side, and 
those were mainly directed toward the positive z-direction, whereas, in the neighbouring 
side, displacements were progressively increased and reoriented toward the negative z-
direction. After cracking (Figure 7f), displacements further increased around the crack, and a 
pronounced reorientation of their direction was observed. A deeper look at the displacement 
in the orthogonal planes (Figure 8), before and after crack formation, evidenced the 
discontinuities in the displacement field in proximity to the crack. Particularly, before crack 
formation (Figure 8a), displacement showed a high misorientation in the XY and XZ planes. 
After cracking (Figure 8b), the displacement field at one end of the crack was found 
perpendicular to the crack direction (XY plane), whereas it seemed aligned with the crack on 
the other end, which may indicate the further propagation direction. Both εp1 and γmax showed 
a progressive increase in the microcracked region, reaching values above 4000 µε for εp1 
(Figure 9b) and approximately 5000 µε for γmax (Figure 10b) in the damaged area. In general, 
tensile strains were the most correlated to microdamage detection. In fact, the directions of 
εp1 (Figure 9) suggested a combination of tensile and shear modes of crack formation. In 
addition, the principal directions before cracking seemed to be highly disordered throughout 
the analysed volume. In particular, the highlighted vectors before cracking (Figure 9a) 
exhibited a very abrupt change in orientation, whereas the same areas after cracking (Figure 
9b) were considerably aligned with the microcrack. γmax (Figure 10) increased after crack 
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formation, and discontinuities at both sides of the crack were observed (Figure 10b). 
Moreover, higher shear strain levels were found at one side of the crack (XY plane), which 
also corresponded to principal strains and displacements perpendicular to the crack, thus 
possibly suggesting the direction of crack propagation. 
 
Figure 7. Microcrack tracking in trabecular bone tissue imaged at room temperature. (a) 
Representative orthoslices and (b) 3D representation of the trabecular bone region tracked over 
time. Arrows indicate the microcracks visible in the tissue. (c-f) DVC-computed displacement 
field (V) in each sub-volume on the analysed region of interest around a microcrack at different 
time points corresponding to the acquisition of (c) two, (d) three, (e) four and (f) five tomograms. 
Vector lengths are identical, and the color code refers to the V magnitude in micrometres. 
Animations of 3D displacement field available online (see available electronic data AVI_4.2.7 in 
thesis annexes). 
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Figure 8. DVC-computed displacement field through the region of interest analysed around the 
microcracked area (a) before (fourth tomogram) and (b) after cracking was visible (fifth 
tomogram). Oval regions highlight damaged areas of bone tissue. Vector lengths are identical, 
and the color code refer to the displacement vector length (V) in micrometres. 
  
Figure 9. DVC-computed first principal strain (εp1) through the region of interest analysed 
around microcracked area (a) before (fourth tomogram) and (b) after cracking was visible (fifth 
tomogram). Vectors indicate first principal strain directions in each sub-volume. Oval regions 
highlight damaged areas of bone tissue, which correspond to high orientation changes in the 
principal strain direction before and after cracking. Vector lengths are identical, and the color 
code refer to the εp1 magnitude. 
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Figure 10. DVC-computed maximum shear strain (γmax) through the region of interest analysed 
around microcracked area (a) before (fourth tomogram) and (b) after cracking was visible (fifth 
tomogram). Oval regions highlight damaged areas of bone tissue, which correspond to an 
increase of shear strain values before and after cracking. High discontinuities in shear strains 
were identified in the damage region (b), which may suggest the direction of crack propagation. 
4.2.4. Discussion 
The proof-of-concept experiment reported herein enabled important understanding of the SR 
X-ray radiation-induced damage to the integrity of bone tissue. The residual strain 
accumulation caused by SR X-ray radiation was quantified for the first time using DVC 
applied to in situ SR-microCT images, and the effect of the environmental temperature on 
the SR irradiation-induced damage in bone tissue was addressed. It is known that irradiation 
has a deleterious effect on the structural and mechanical properties of bone as a result of 
collagen matrix degradation due to the formation of collagen cross-links and eventual rupture 
of the collagen fibres [20,27]. Several studies have addressed the effect of high-energy SR 
X-ray radiation on the mechanical properties of bone [20,21,26,48], and safe dose values (35 
kGrays) were defined to preserve bone mechanics [20]. However, during in situ SR-microCT 
studies, a reduction of the dose is related to a reduction in the total exposure to SR radiation 
and, therefore, the signal-to-noise ratio of the acquired tomograms, with a consequent 
reduction in image quality and increased DVC errors [14]. Therefore, new protocols need to 
be defined in order to preserve bone tissue while maintaining good image quality. 
Furthermore, whether bone integrity can be preserved by controlling the temperature during 
in situ SR experiments still remains unexplored. 
The overall change in temperature during image acquisition was minimal (∆T = 0.4 °C) 
(Figure 2a) and in line with previous reports on SR beam heating [49,50]. Wallander and 
Wallentin [51] showed that X-ray-induced heating can lead to significant temperature 
increase (e.g. nanowire at 8 °C above room temperature) at typical synchrotron beamline 
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fluxes. As a strategy for reducing the X-ray-induced heating, it was suggested to improve the 
heat transfer of the target material to the surroundings, for example, by immersing the 
samples in liquid [51]. However, it still remains unclear whether that thermal gradient in a 
very short period of time (opening/closing of the beam shutter) may induce collagen 
degradation. As specimens were held between the loading stage platens during the in situ 
test, the effect of the X-ray beam on the stress-relaxation behaviour of the specimens could 
be observed (Figure 2b), similar to the data reported in [52]. With only a fixed preload 
applied, an increase in the load was identified for the trabecular bone specimen at each 
cyclic period that corresponded with the opening of the X-ray shutter. Both trabecular and 
compact bone exhibit a highly viscoelastic behaviour; however, this is more evident for 
trabecular bone due to the large content of bone marrow in its cavities. Thus, the loadcell of 
the loading stage was not accurate enough to capture any changes in the stress-relaxation 
behaviour for the compact bone specimen. Heat causes a transformation of the collagen 
molecule, known as the collagen shrinkage phenomenon [53], whereby the collagen 
molecule develops a contractile force that is held constant [54,55] at a given temperature 
(shrinkage temperature). This shrinkage behaviour is related to the cross-links in the 
collagen and its stability [53]. Even though the specimens in the current study were kept at a 
constant temperature (~23 °C), the beam-induced temperature rise of 0.4 °C may contribute 
to the activation of a similar contractile force, which is a clear indicator of the harmful effects 
of the SR irradiation on bone tissue. 
The results obtained from the current study have shown that reducing the temperature to 
0°C notably reduced the irradiation-induced microdamage and residual strain in trabecular 
bone specimens (Figure 6). However, minimal effect was observed for compact bone (Figure 
3). Nguyen et al. [30] reported that the mechanical properties of compact bone were 
decreased by a lower dose than that affecting trabecular bone. However, it has been shown 
here (Figure 3) that the structural integrity of compact bone tissue was not compromised, as 
microcracks were not detected as in the trabecular bone tissue. In any case, specimens 
were not mechanically tested; thus, whether the regions of high strain concentration found in 
compact bone (Figure 3) influence the mechanical properties is still unknown. Furthermore, 
Peña Fernández et al. [14] showed that the presence of microcracks was not always related 
to changes in the apparent elastic properties of the irradiated bone. 
Although the overall residual strain in compact bone imaged at room temperature was low, 
with peak strain values below 1000 µε for εp1 (Figure 3), some highly strained regions were 
identified in close proximity to Haversian and Volkmann’s canals (Figure 4). Canals and 
osteocyte lacunae are known to act as stress concentrating features in specimens subjected 
to mechanical load [6,12]; however, the effect of irradiation on these specific sites has never 
been considered. Haversian canals contain unbound water [56], and as ionising radiation 
produces the release of free radicals via radiolysis of water molecules [29], it is expected that 
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a larger number of free radicals, which could interact with the collagen and induce cross-
linking reactions, are found in proximity to the canals due to the higher water content.  
Lowering the environmental temperature to 0 °C had a positive effect on the DVC-measured 
residual strain in trabecular bone, which showed a peak principal strain value below 1000 µε 
(Figure 5); furthermore, no microdamage was visually detected on the reconstructed 
tomograms. These results are consistent with medical studies on the effect of gamma 
irradiation, where it was shown that irradiating bone specimens while frozen did not affect 
the mechanical properties of bone [31,34]. In fact, decreasing the temperature reduces the 
mobility of the water, and, therefore, decreases the mobility of highly reactive oxygen free 
radicals produced by high-energy X-ray radiation. Impairing that mobility protects the 
collagen by reducing cross-linking reactions within its molecules [57,58]. The effect of 
freezing on the mechanical properties of bone has been previously studied [59–62] and no 
statistical differences were found after freezing, nor after several freeze-thaw cycles [63,64]. 
It should be noted that, during the proposed experiment, specimens were immersed in saline 
solution at 0 °C, and ice crystals, which may cause structural damage to the tissue [63], were 
not observed at any stage of the experiment.  
The irradiation-induced damage in the trabecular bone imaged at room temperature resulted 
in microcracks that were visible in the tissue even if the specimen was not subjected to any 
mechanical load. At the nanoscale, SR irradiation-induced free radical attack of the collagen 
network results in a cross-linking reaction that degrades the structural integrity of the 
collagen fibres [20,29,30]. Previous studies using atomic force microscopy have shown that 
crack formation and bone fracture occur between the mineralised collagen fibrils. Fantner et 
al. [65] proposed that the mineralised collagen fibres are held together by a nonfibrillar 
organic matrix that acts as a glue. The glue resists the separation of the mineralised collagen 
fibrils, avoiding the formation of cracks, when a load is applied to the bone. During the 
formation of microcracks, work that stretches the glue molecules would be required to 
separate the mineralised collagen fibrils. Irradiation may affect that mechanism by damaging 
the sacrificial bonds, resulting in   the shrinkage behaviour observed with SR X-ray radiation, 
which could lead to the rupture of those bonds after prolonged exposure to irradiation and 
consequent microcrack formation. At the macroscale, DVC-computed displacements (Figure 
7) suggest a vortex motion around the microcracked region, which results in a shrinkage 
process of the material and the formation of a microcrack that follows an unusual pattern in 
fracture mechanics. The denaturation of the collagen may not be homogeneous throughout 
the bone tissue; therefore, crack propagation would follow the degeneration process of the 
collagen.  
DVC was successfully used to understand crack formation and propagation in bone. 
Christen et al. [12] investigated the initiation and propagation of microcracks in cortical bone 
using DVC; however, full-field displacements and strains were only evaluated in terms of 
magnitude, but the directions were not explored. Additionally, specimens were pre-cracked 
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before mechanical testing; thus, crack initiation and propagation was expected around the 
notch region. In this study, microcracks were not induced by mechanical loading, but by SR 
irradiation instead. Discontinuities in the displacement field (Figure 8a) corresponded to high-
orientation changes in the strain field (Figure 9a) that could indicate crack formation. 
Furthermore, perpendicularity of displacement (Figure 8b) and principal strains (Figure 9b) to 
the crack might be related to a crack propagation front. Similar crack formation mechanisms 
were observed in clay deformation using digital image correlation (DIC) following desiccation 
[66,67]. Like the results herein reported, in opening mode, the direction of the crack was 
perpendicular to that of εp1, whereas, for cracks in mixed opening-sliding mode, εp1 was 
found parallel to the direction of the crack (Figure 9b). Those studies [66,67] concluded that 
cracks formed a network which is found after thermal shocks, and the authors emphasized 
the need to develop a multiscale approach to better understand crack formation and 
propagation. Similar to those findings, irradiation-induced microcracks need to be further 
investigated at different dimensional levels to properly understand the formation 
mechanisms. 
This study has some limitations. First, only one specimen per bone type was tested at each 
temperature, and the mechanical properties of the bone specimens were not evaluated after 
irradiation. Residual strain maps suggested that a decrease in the temperature had a 
beneficial effect on preserving bone integrity and mechanics, but specimens were 
maintained far below physiological conditions (~37 °C); thus, it could be argued that the 
mechanical properties of bone tissue could have been altered. Further analyses are needed 
to properly assess the effect of the environmental temperature during in situ SR-microCT 
experiments, translating the findings of the proposed methodology to in situ SR-microCT 
bone mechanics. Moreover, a combination of techniques at different dimensional scales 
would enhance the knowledge of the irradiation-induced damage in bone tissue. 
4.2.5. Conclusions 
The 3D full-field residual strain distribution of compact and trabecular bone subjected to 
high-energy SR irradiation was computed using DVC applied to SR-microCT images 
acquired at different temperatures. Lowering the temperature during irradiation to only 0 °C 
had a positive effect on trabecular bone tissue, which — unlike such bone imaged at room 
temperature—did not present visible microcracks, and residual strain values were not 
increased with further radiation. However, a minimal effect was observed in compact bone. A 
shrinkage behaviour induced by both the beam-induced temperature and high-energy 
irradiation may well be the source of the irradiation-induced damage and microcracks in 
bone tissue. DVC applied to high-resolution SR-microCT images has proven to be a useful 
tool for understanding crack formation and propagation in bone tissue. Further work is 
needed to clearly establish protocols for the application of SR-microCT to the in situ 
mechanics of bone and potentially extend the knowledge to other biological tissues in order 
to minimise SR irradiation-induced damage.  
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Supplementary material S1 
Methods 
The evaluation of the baseline strains was performed in the first two consecutive datasets for 
the four specimens, where irradiation-induced damage was deemed as minimal. As the 
images were acquired in the same deformed state (i.e. ‘zero-strain’ repeated scans), null 
displacement and strain fields are expected. Therefore, any non-zero values of the 
measured displacement and derived strains using DVC were considered as error. Ten multi-
pass schemes [16] with final sub-volume sizes ranging from 8 to 80, in steps of 8 voxels 
were investigated. For each sub-volume, three different parameters were computed. 
• Random errors of the displacements: standard deviation of each displacement 
component, as in [47]. 
• Mean absolute strain value: average of the average of the absolute values of the six 
components of the differential strain, similar to MAER or “accuracy”, as in [15] 
• Standard deviation of the strain value: standard deviation of the average of the absolute 
values of the six components of the differential strain, similar to SDER or “precision”, as 
in [15,68]. 
Results  
The random errors of each component of the displacement never exceeded 0.30 µm for the 
compact bone specimens and 0.33 µm for the trabecular bone specimens (Table S1). The 
errors obtained for the displacements in the compact bone were higher than those for the 
trabecular bone in x and y directions, but lower in z direction. A trend could be observed for 
both bone type specimens where the higher the sub-volume size, the lower the random 
errors. 
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Table 1. Random errors for the three displacement components for compact and trabecular 
bone specimens. Median values of the two specimens per group are shown. 
Multi-pass scheme 
sub-volume sizes 
(voxels) 
Displacement random errors (µm) 
Compact bone  Trabecular bone 
X Y Z  X Y Z 
64-32-24-16-8 0.30 0.27 0.12  0.32 0.33 0.26 
80-40-32-24-16 0.25 0.24 0.08  0.25 0.26 0.19 
96-48-40-32-24 0.23 0.23 0.07  0.23 0.24 0.18 
112-56-48-40-32 0.23 0.23 0.07  0.20 0.21 0.17 
128-64-56-48-40 0.22 0.22 0.07  0.17 0.18 0.17 
144-72-64-56-48 0.22 0.22 0.06  0.16 0.16 0.17 
160-80-72-64-56 0.21 0.22 0.06  0.13 0.16 0.15 
178-88-80-72-64 0.21 0.22 0.06  0.13 0.16 0.15 
192-96-88-80-72 0.20 0.21 0.06  0.13 0.15 0.14 
192-112-96-88-80 0.20 0.21 0.06  0.12 0.15 0.14 
 
As expected from previous studies on bone [11,15], the strain uncertainties of the DVC had 
decreasing trends with respect to the sub-volume size, and the values of the mean value of 
the strain (MAER) were larger than the standard deviation (SDER) (Figure SI1). The MAER 
ranged between 3000 µε and 100 µε for the compact bone samples and between 5500 µε 
and 300 µε for the trabecular bone samples, in sub-volumes of 8 to 80 voxels (6.5 to 65 µm). 
The SDER ranged between 1250 µε and 30 µε for the compact bone and between 5000 µε 
and 140 µε for the trabecular bone, in the same sub-volumes. 
  
Figure SI1. Relationship between (a) MAER and (b) SDER with the sub-volume size for the four 
bone specimens. 
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Figure SI2. Histograms of the (a) third principal (εp3) and maximum shear  (γmax) residual strain 
distribution in the cortical bone tissue for all the acquired tomograms at room temperature (top) 
and 0°C (bottom) 
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Abstract 
Osteoregenerative biomaterials for the treatment of bone defects are under much 
development, with the aim of favouring osteointegration up to complete bone regeneration. A 
detailed investigation of bone-biomaterial integration is vital to understanding and predicting 
the ability of such materials to promote bone formation, preventing further bone damage and 
supporting load-bearing regions. This study aims to characterise the ex vivo micromechanics 
and microdamage evolution of bone-biomaterial systems at the tissue level, combining high 
resolution synchrotron micro-computed tomography, in situ mechanics and digital volume 
correlation. Results showed that the main microfailure events were localised close to or 
within the newly formed bone tissue, in proximity to the bone-biomaterial interface. The 
apparent nominal compressive load applied to the composite structures resulted in a 
complex loading scenario, mainly due to the higher heterogeneity but also to the different 
biomaterial degradation mechanisms. The full-field strain distribution allowed 
characterisation of microdamage initiation and progression. The findings reported in this 
study provide a deeper insight into bone-biomaterial integration and micromechanics in 
relation to the osteoregeneration achieved in vivo, for a variety of biomaterials. This could 
ultimately be used to improve bone tissue regeneration strategies. 
Keywords: Osteoregenerative biomaterials, bone-biomaterial interface, SR-
microCT, in situ mechanics, digital volume correlation. 
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5.1.1. Introduction 
Bone is constantly undergoing remodelling during life due to the necessity of adapting to 
loading conditions and to remove old damaged bone, replacing it with new, mechanical 
stronger tissue; thus preserving bone strength [1]. As a dynamically adaptable material, bone 
displays excellent regenerative properties [2]; however, non-union fractures, tumour 
resections and some musculoskeletal diseases can lead to critical size bone defects [3], 
which cannot heal spontaneously and require additional treatments before they can 
regenerate [4]. Bone is the second most frequent transplanted tissue, right after blood 
transfusion [5]. It is estimated that over two million bone grafting procedures are performed 
annually worldwide [6] aiming at augmenting bone formation. Current strategies for bone 
grafts include the use of autografts, allografts and synthetic grafts. Although autografting is 
still considered as the gold standard [7–9] for stimulating bone repair and regeneration, it is 
accompanied with risks of donor site morbidity and limited availability [10,11]. Despite the 
use of allografts, taken from cadavers or donors, circumvent some of the shortcomings of 
autografts, the procedure is limited by risk of transmission of disease and a high non-union 
rate with the host tissue [12,13]. The development of synthetic bone substitutes during the 
past decades has provided a valuable alternative, addressing the limitations of autologous 
and allogeneic bone grafts and improving bone regeneration by incorporating 
osteoconductive properties [7,14–16]. Among those synthetic materials, calcium phosphate 
ceramics and bioactive glasses are widely used in reconstruction of large bone defects 
[7,17,18].  
Calcium phosphates ceramics (CPCs) are constituted by calcium hydroxyapatites (HA), 
which is similar in chemical composition to the mineral phase of bone [19]. The composition 
of the final product can be controlled by adjusting the calcium/phosphate ratio (Ca/P). 
Among CPCs, HA-based ceramics show excellent osteoconductive and osteointegrative 
properties [17,19]. Therefore, they have gained great attention in clinical studies [20–24]. 
However, their relative high Ca/P ratio and crystallinity delay the resorption rate of HA, which 
typically exhibit a slow resorption at the early stages (weeks 1 to 6) and require long times 
(months to years) for a complete integration in vivo and subsequent replacement by newly 
formed bone [17]. Conversely, bioactive glass refers to a group of synthetic silicate-based 
ceramics, characterized mainly by their osteoconductive properties, but they also present 
some osteoinductivity [25–27]. Bioactive glasses are composed of silicate, sodium oxide, 
calcium oxide, and phosphorous pentoxide; the key component, silicate, constitutes 45-52% 
of its weight. This optimised constitution lead to a strong and rapid bonding to bone tissue 
[28,29]. Additionally, they show a fast resorption rate in the first weeks of implantation and 
can be completely resorbed within six months [18]. Bioactive glass materials are widely used 
clinically to repair bone defects in maxillofacial and orthopaedic interventions [27,30].  
Bone defect animal models remain essential tools for preclinical research of novel 
biomaterials [31,32], overcoming limitations of in vitro studies due to the reduced complexity 
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of the environment. Appropriate in vivo bone healing models allow to assess bone 
substitutes materials under different loading conditions; for extended duration, in different 
tissue qualities and age [32,33]. Therefore, the establishment of a suitable animal model is 
essential prior to the evaluation of novel biomaterials. The use of ovine models to test new 
bone grafts has increased over time because of their similarities with humans in weight, 
bone structure and bone regeneration [34–37]. Typically, defects are created in a weight-
bearing region of the sheep bone, which provides similarities in bone composition, defect 
size and healing rate compared to humans [36,38]. Critical defects models generally 
evaluate the in vivo performance of biomaterials in terms of bone regeneration, remodelling, 
biomaterial resorption and biological effects [35,39,40]. However, their biomechanical 
competence after implantation is poorly understood [41]. A micromechanical characterisation 
of the bone-biomaterial systems produced in vivo after different bone grafting procedures is 
essential to demonstrate their ability to produce bone that is comparable with the native 
tissue they are meant to replace, and therefore, support load-bearing regions. More 
specifically, an understanding of the internal microdamage progression at the bone-
biomaterial interface, which could promote the failure of the entire bone structure, is needed 
to further characterise the mechanical performance and overall structural response of such 
composites. 
A combination of time-lapsed micro-computed tomography (microCT) with in situ mechanics 
allows the evaluation of the internal microdamage progression in bone and biomaterials 
[42,43]. Furthermore, a quantification of full-field strain field can be achieved using digital 
volume correlation (DVC). In fact, during the past decade DVC has become a powerful and 
unique tool to examine the three-dimensional (3D) internal deformations in bone [44–46] and 
bone-biomaterial composites [47,48]. Particularly, Tozzi et al. [47] assessed the 
microdamage of bone-cement interfaces under monotonic and cyclic compression, and more 
recently, Danesi el al. [48] applied DVC to study failure mechanisms of cement-augmented 
vertebral bodies. Despite both studies successfully showed the internal strain distribution in 
bone-biomaterial composites under different loading scenarios, some questions remain. 
Firstly, bone-cement composites were produced in vitro, restricting the real integration of 
both materials, and therefore the in vivo competence. In addition, strain measurements were 
computed at apparent level, enabling the classification of high- or lowly localised strains in 
relatively large regions (above 0.6 mm); thus, unable to provide information of the strain 
distribution at the interface and in the tissue. Actually, deformation mechanisms at the bone-
biomaterial interfaces are still missing due to the intrinsic limitation of laboratory-based 
microCT systems, unable to offer sufficient spatial resolution and signal to noise ratio (SNR) 
to properly resolve features at the boundary without the requirement of long acquisitions 
times. This problem can be overcome using synchrotron radiation (SR) based microCT, able 
to combine fast imaging with high spatial resolution and SNR [49–51]. Additionally, DVC 
based on SR-microCT images has recently proven to provide reliable strain measurements 
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at tissue level [52–54], suggesting that an accurate 3D full-field strain evaluation can be 
obtained at the bone-biomaterial interfaces [55].  
The main purpose of this study was to investigate, for the first time, the 3D full-field strain 
distribution at the bone-biomaterial interface, in relation to the newly regenerated bone 
produced in vivo after the implantation of osteoregenerative commercial grafts in an ovine 
model. DVC in conjunction with in situ SR-microCT mechanics was performed to evaluate 
the internal strain and microdamage evolution of bone-biomaterial systems under 
compression. The finding of this paper will improve the understanding of the 
micromechanical behaviour of bone-biomaterial structures formed in vivo due to bone 
regeneration process associated with bone grafting procedures. 
5.1.2. Methods 
5.1.2.1. Biomaterials 
Cylindrical bone defects (8 mm diameter by 14 mm depth) were surgically created [56] in the 
femoral condyles of a female adult sheep (80 Kg). Four different synthetic bone graft 
materials were then implanted in the defects under Ethics approval granted by the Royal 
Veterinary College and in compliance with the United Kingdom Home Office regulations 
(Animal Scientific Procedure Act [1986]).  
The selected bone graft materials are commercially available biomaterials: Actifuse; 
ApaPore (ApaTech Ltd, UK); StronBone and StronBone-P (RepRegen Ltd, UK). Actifuse and 
ApaPore are HA-based bioceramics. Whereas ApaPore presents a pure HA phase, Actifuse 
is a silicon-substituted HA (Si-HA), containing 0.8% silicon by weight [57]. Both materials 
have an interconnected macro and microporous structure, which favours the scaffold 
osteoconduction. Additionally, the incorporation of silicon to the bone graft promotes rapid 
bone formation [58]. StronBone and StronBone-P are silicate-based bioactive glasses 
containing strontium, which has shown a positive effect on bone metabolism [27]. 
StronBone-P is a more porous version of StronBone and has been proven to promote a 
more rapid bone growth and higher remodelling rate [59]. The choice of four different 
biomaterials was intended at exploring microdamage mechanisms at the bone-biomaterial 
interface, in relation to their different osteointegration and osteoconduction performance on 
the same animal model following in vivo service. 
5.1.2.2. microCT scanning and sample preparation 
Six weeks after implantation, both left and right condyles were harvested. X-ray micro-
computed tomography (microCT) was conducted (Zeiss Xradia Versa 520) using a flat panel 
detector to identify areas of bone and biomaterial, as shown in Figure 1. Condyles were kept 
immersed in saline solution throughout image acquisition. The instrument was set to a 
voltage of 110 kV and a current of 91 µA. With an isotropic effective voxel size of 56 µm, 
2001 projections were acquired over 360⁰  with an exposure time of 0.36 s per projection. 
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After inspection of the reconstructed microCT images, the desired sample locations were 
identified (Figure 1) and a trephine blur drill was manually positioned following the condyle 
and defect geometry. Cylindrical samples (4 mm in diameter and 18 mm in length) were then 
cored from the thawed condyles in the proximal-distal direction (Figure 1).The ends of the 
cores were trimmed plane and parallel, and end-constraint was achieved by embedding the 
samples in poly-methyl-methacrylate (PMMA) endcaps. Approximately 5 mm of the core was 
embedded into each endcap to achieve a 2:1 aspect ratio, reducing experimental artifacts 
[60].  In total, four bone-biomaterial systems from the bone defect areas and one control 
sample (trabecular bone) were analysed (Figure 2b, c). Samples were kept frozen at -20° 
and thawed for around 2 h in saline solution at room temperature before image acquisition. 
 
 
Figure 1. 3D volume reconstruction (left) and representative microCT slices of the four bone 
defects in the left (a) and right (b) femoral condyles, showing osteointegration of the bone 
grafts. (Ac: Actifuse; Ap: ApaPore; Sb: StronBone, Sb-P: StronBone-P, TB: Trabecular bone 
control). Sites of sample extraction are marked with yellow circles (middle figures), whilst 
direction of extraction is marked with dashed lines (right figures). 
5.1.2.3. SR-microCT and in situ mechanics 
SR-microCT imaging (Figure 2a) was performed at the Diamond-Manchester Imaging 
Branchline I13-2 (Diamond Light Source, UK), using a filtered (1.3 mm pyrolytic graphite, 3.2 
mm aluminium and 60µm steel), partially-coherent, polychromatic ‘pink’ beam (5-35 keV) of 
near-parallel geometry with an undulator gap of 5 mm. Samples were aligned for imaging 
under low-dose conditions (~10 minutes per sample) by temporarily setting the undulator gap 
to 10 mm [61]. Projections were recorded by a sCMOS (2560 x 2160 pixels) pco.edge 5.5 
(PCO AG, Germany) detector, which was coupled to a visual light microscope. A 1.25X 
objective lens (with 500 µm-thick CdWO4 scintillator) was used to achieve a total 
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magnification of 2.5X, resulting in an effective voxel size of 2.6 µm and a field of view of 6.7 x 
5.6 mm. For each dataset, 1801 projection images were collected over 180 degrees of 
continuous rotation (‘fly scan’). The exposure time was set to 64 ms per projection in order to 
minimise irradiation-induced damage during image acquisition [62]. The propagation 
distance (sample to detector) was set to 150 mm to provide sufficient in-line phase contrast 
and better visualise the microstructure [55]. The projection images were flat-field and dark-
field corrected prior to reconstruction. For each dataset, 40 flat and dark images were 
collected. Reconstruction was performed at Diamond using the in-house software, DAWN 
[63,64], incorporating ring artefact suppression.  
 
Figure 2. (a) Experimental setup at the I13-2 beamline. The direction of the beam is indicated 
by the dashed line (a.1). Specimens were scanned with a loading stage (a.2) using a pco.edge 
5.5 detector (a.4) and a 1.25X objective (a.3). SR-microCT reconstruction of one representative 
bone-biomaterial (b) and trabecular bone control (c) showing the volume of interest (VOI) used 
for DVC analysis. VOIs for the bone-biomaterial systems (d) were selected to include the 
interface between the different grafts (Ac: Actifuse; Ap: ApaPore; Sb: StronBone, Sb-P: 
StronBone-P) and the bone tissue. 
In situ uniaxial compression testing was performed using a micro-mechanical loading stage 
equipped with a 5kN load cell and environmental chamber (CT5000, Deben Ltd, UK). 
Specimens were immersed in saline solution throughout the duration of the test to simulate 
physiological conditions. A small preload (~5N) was first applied to ensure good end contact 
prior to testing. Each specimen was subjected to four compression steps under displacement 
control at a constant cross-head speed of 0.1 mm/min. The first three compression steps 
were set to 0.1, 0.25 and 0.5 mm of displacement, whereas for the last step the actuator was 
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stopped after failure detection from the load-displacement curve. Specimens were allowed to 
settle for 10 minutes after each compression step before image acquisition to reduce stress 
relaxation during imaging. Full tomographic datasets were acquired at each loading step, 
under the applied displacement, after two repeated scans (preload state) prior to loading for 
DVC error analysis [52].  
5.1.2.4. Image post-processing 
After image acquisition, the 3D datasets were rigidly registered using the unloaded image as 
a reference [55]. Then, a volume of interest (VOI) was cropped from each tomogram, 
consisting of a parallelepiped with side lengths of 1000 voxels (2.6 mm
3
). The VOI was set in 
the centre of the volume for the control trabecular bone specimen, and manually selected for 
the bone-biomaterial specimens in order to include the interface (Figure 2d). Images were 
denoised by applying a non-local means filter [65,66]. The original SR-microCT images were 
masked by setting to zero the grayscale intensity of non-bone/biomaterial voxels [55]. Briefly, 
binary images (value one for bone-biomaterial voxels and zero elsewhere) were created 
using a global thresholding segmentation followed by an iterative approach that filled small 
holes and removed isolated pixels. Masked images were obtained by multiplying the filtered 
and binary 3D images. The same approach was used to segment the remaining bone graft 
from the bone tissue in bone-Actifuse, bone-ApaPore and bone-StronBone-P specimens. 
This procedure could not be applied to the bone-StronBone as the biomaterial was 
considerably more resorbed and the difference in the grey-level intensity between bone and 
biomaterial was minimal (Figure 2). 
5.1.2.5. Digital volume correlation 
DVC (DaVis v8.4, LaVision, Goettingen, Germany) was used to compute full-field strains 
throughout the bone-biomaterial composites and the control trabecular bone specimens after 
each compression step. DaVis is a cross-correlation method operating on the intensity 
values (grey-level) of 3D images. The operating principles have been extensively reported 
elsewhere [55,67]. The DVC parameters used in this study relied on a previous 
methodological work based on repeated SR-microCT scans of the specimens in a ‘zero-
strain’ condition for the error assessment as a function of sub-volume size and imaging post-
processing [55].  
Thus, DVC computation was conducted using a multi-pass scheme [67] with a final sub-
volume of 48 voxels, reached via successive (predictor) passes using sub-volumes of 112, 
96, 80 and 64 voxels, with 0% overlap between the sub-volumes. DVC was applied to the 
masked images, treating the non-hard phase as a black ‘zero-count’ region to avoid large 
strain artifacts in regions without a clear pattern distribution (i.e. saline, bone marrow). 
Additionally, sub-volumes with a correlation coefficient below 0.6 were removed from the 
resultant vector, to avoid artifacts due to poor correlation. Errors on the DVC-computed 
displacements using the described settings did not exceed 0.22 µm, whereas the mean 
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absolute error (MAER) and the standard deviation of the error (SDER) of the strain 
components were found to be ~200 µε and ~100 µε, respectively. Given the voxel size of the 
SR-microCT images, the final DVC computed spatial resolution corresponded to ~125 µm; 
thus, providing full-field strain at tissue level, within the bone tissue and/or biomaterial 
[52,55]. 
In order to evaluate the 3D full-field strain distribution in the selected specimens over time in 
relation to the deformation induced by the compressive applied load, first (εp1) and third (εp3) 
principal strains and maximum shear strain (γmax) were computed within the bone-biomaterial 
volume after a bi-cubic interpolation of the measured strain to allow a strain value per voxel. 
Histograms of the strain distribution were calculated as the number of voxels for 
bone/biomaterial with strains corresponding to a specific bin, divided by the total number of 
mineralised voxels. 1000 bins were used to cover a range from 0 µε to ±10000 µε for the first 
and third principal strains, and 0 µε to 15000 µε for the shear strain. Additionally, the 
damaged solid volume (SVy) was computed as the mineralised voxels exceeding +/-10000 
µε in tension/compression, or above 15000 µεin shear [68,69].  
5.1.2.6. Multi-scale microCT 
Following the in situ mechanical test, multi-scale microCT was performed in the bone-
biomaterial systems to acquire high-resolution images in regions of newly formed bone. 
MicroCT was performed (Zeiss Xradia Versa 510, CA) at three different resolutions (4 µm, 
1.5 µm and 0.5 µm voxel size) using the ‘scout-and-zoom’ workflow available in the system 
and different optical magnification. Firstly, medium-resolution (4 µm voxels) was set using 60 
kV at 0.4X optical magnification with an exposure time of 5 seconds per projection in order to 
have the entire specimen diameter in the field of view (~ 4 mm). Then, a VOI (1.5 mm
3
) at 
the bone-biomaterial interface was identified and a high-resolution (1.5 µm voxels) 
acquisition was performed using 60kV energy at 4X optical magnification with an exposure 
time of 6 seconds. Finally, the ‘zoom-in’ process converged on a smaller VOI (0.5 mm
3
) from 
the second reconstructed volume to include some remaining bone graft material and most of 
the newly formed bone. The highest-resolution (0.5 µm voxels) imaging was conducted at 
80kV and a 20X optical magnification with an exposure time of 30 seconds per projection. 
2001 projections were acquired for the three tomograms at a rotational step of 0.18°, 
resulting in a total scanning time of 23 hours per specimen approximately.    
5.1.3. Results 
5.1.3.1. In situ SR-microCT mechanics 
The force-displacement curves (Figure 3) showed an initial toe region, followed by a 
monotonic trend that was linear during the first two steps up to 0.25 mm of compression. 
Stress relaxation was also visible at the end of each compression step, when the actuator 
was stopped to allow SR-microCT scanning. Failure was considered at the point where force 
Full-field strain analysis of bone-biomaterial  systems produced by the implantation of 
osteoconductive biomaterials 
  150 
reached a plateau or eventually dropped. This occurred either during the third step (bone-
StronBone), or during the fourth step (all others). The bone-StronBone specimen presented 
a more ductile behaviour with respect to the others, and failure was only reached after 1 mm 
of compression. On the other hand, the bone-Actifuse seemed to be much stiffer, and failure 
was reached for an applied load an order of magnitude higher than the other specimens (160 
N for bone-Actifuse compared to ~60N for bone-ApaPore). Bone-ApaPore and bone-
StronBone-P specimens showed behaviour more similar to the trabecular bone control, with 
elastic regions fairly parallel. Furthermore, failure for bone-StronBone-P and control 
specimens was experienced at a similar point (~ 50 N force and ~ 0.8 mm compression).  
 
Figure 3.   Load-displacement curves for the tested specimens. The force shows a drop at the 
end of each compression step, corresponding to the stress relaxation while the specimen was 
allowed to settle (10 min) before image acquisition (~2 min).  
A qualitative inspection of the SR-microCT images of the four bone-biomaterial systems 
before and after failure (Figure 4) showed the different integration of the bone graft materials 
within the bone matrix. SR-microCT evaluation allowed to clearly distinguish the three 
distinct materials that were present: bone marrow (dark grey), bone tissue gradients 
(medium greys), and remaining bone graft (light grey). In addition, the newly formed bone is 
easily recognisable in proximity of the remaining biomaterial and differs from the more 
remodeled trabecular bone, present in bone-ApaPore and bone-Actifuse specimens, in the 
more amorphous organisation (i.e. woven type). A comparison of the SR-microCT images 
before and after failure revealed how microdamage accumulated during in situ compression 
mainly developed in proximity (Actifuse- ApaPore-bone) or within (StronBone- StronBone-P-
bone) the new regenerated tissue. Failure in bone-Actifuse and bone-ApaPore specimens 
degenerated in trabecular fracture, whereas microcracks were clearly visible in the newly 
formed bone at the interface for the bone-StronBone-P. Microdamage in bone-StronBone 
was not possible to detect by visual inspection, in accordance to the fact that overall failure 
was not identified (Figure 3). 
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Figure 4. SR-microCT cross-sections through the VOI of each bone-biomaterial system before 
(top) and after (bottom) failure. Areas corresponding to trabecular bone (TB), newly formed 
bone (NFB) and bone graft material (BG) are indicated in the top row before failure. Arrows in 
the bottom row of images indicate visible microcracks developed either in the pre-existing bone 
for bone-Actifuse and bone-ApaPore or in the newly formed bone for bone-StronBone and 
bone-StronBone-P after mechanical loading. Scale bar is valid for all images. 
5.1.3.2. Digital volume correlation 
The third principal strain distributions (εp3) for the four compression steps are reported in 
Figure 5 for a representative VOI including the bone-biomaterial interface. A strain 
accumulation in regions of trabecular bone was observed for the bone-Actifuse and bone-
ApaPore specimens (Figure 5, first and second row), where failure was located at the end of 
the test. After the second compression step (∆l = 0.25 mm), a strain redistribution appeared 
in bone-Actifuse specimen; however, a further increase in the applied load (third step, ∆l = 
0.5 mm) led to higher compressive strains in the original (∆l = 0.1 mm) more strained areas, 
which further developed in trabecular fracture. Additionally, after fracture, the structure 
lacked support for load transfer; thus, high differences of residual strain were observed 
between the fractured regions (trabecular bone) and the undamaged one (bone graft). The 
compressive strain distribution of bone-StronBone and bone-StronBone-P presented an 
opposite behaviour, as the graft integration within the newly formed bone was different 
(Figure 4). Bone-StronBone system (Figure 5, third row) showed strain accumulation mainly 
in areas of newly formed bone, whereas areas in which bone graft remained unabsorbed 
presented low strain levels. Conversely, higher compressive strains were found in the bone 
graft regions for the bone-StronBone-P system (Figure 5, fourth row) and low strain values in 
the newly formed tissue.  
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Figure 5. 3D full-field third principal strain distribution (εp3) at each compression step for the 
bone-biomaterial systems and the trabecular bone control. A representative VOI (1.6 x 1.6 x 1.0 
mm
3
) at the bone-biomaterial interface was analysed. Bone-biomaterial interface is indicated by 
a dotted line in the first column. Microcracks after failure are indicated with arrows as well as 
material in which failure was observed. Samples were compressed in the z direction. TB: 
Trabecular bone; NFB: newly formed bone; BG: bone graft material.  Animations of strain 
distribution over time available online (see available electronic data AVI_5.1.5 in thesis 
annexes). 
Full-field first principal strain (εp1) and shear strain (γmax) distributions are reported in Figure 6 
and 7, respectively, for all the specimens. A similar progressive strain accumulation as for 
the compressive strain (εp3) was observed for the bone-Actifuse and bone-ApaPore 
specimens, where the strain development seemed to predict the failure in the trabecular 
bone regions. Tensile strains in bone-StronBone (Figure 6, third row) were considerably 
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lower than compressive strains, whereas an important difference in the shear and 
compressive strain between areas of remaining bone graft and newly formed bone was 
observed (Figure 7, third row) in the same specimen. On the other hand, the distribution of 
tensile and shear strains in the bone-StronBone-P (Figure 6 and 7, fourth row) at failure were 
different to the compressive strain, where high strain magnitudes were identified along the 
microcracks developed through the bone-biomaterial interface. 
 
Figure 6. 3D full-field first principal strain distribution (εp1) at each compression step for the 
bone-biomaterial systems and the trabecular bone control. A representative VOI (1.6 x 1.6 x 1.0 
mm
3
) at the bone-biomaterial interface was analysed. Bone-biomaterial interface is indicated by 
a dotted line in the first column. Microcracks after failure are indicated with arrows as well as 
material in which failure was observed. Samples were compressed in the z direction. TB: 
Trabecular bone; NFB: newly formed bone; BG: bone graft material.  Animations of strain 
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distribution over time available online (see available electronic data AVI_5.1.6 in thesis 
annexes). 
 
Figure 7. 3D full-field maximum shear strain distribution (γmax) at each compression step for the 
bone-biomaterial systems and the trabecular bone control. A representative VOI (1.6 x 1.6 x 1.0 
mm
3
) at the bone-biomaterial interface was analysed. Bone-biomaterial interface is indicated by 
a dotted line in the first column. Microcracks after failure are indicated with arrows as well as 
material in which failure was observed. Samples were compressed in the z direction. TB: 
Trabecular bone; NFB: newly formed bone; BG: bone graft material.  Animations of strain 
distribution over time available online (see available electronic data AVI_5.1.7 in thesis 
annexes). 
The yielded solid volume (Table 1) after failure emphasised the different behaviour for the 
bone-Actifuse and bone-ApaPore compared to bone-StronBone and bone-StronBone-P 
specimens. The first two presented a small percentage of damaged volume, which was more 
important in the bone tissue than in the remaining bone graft, and a higher yielded volume 
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was reached in a combination of tensile and shear states. Conversely, a yielded solid 
fraction started to accumulate in the bone-StronBone right after the first compression step, 
resulting in over 25% of damaged volume after the third step, and 40% after failure in both 
compression and shear. The yielded volume after failure for the bone-StronBone-P was also 
over 40% in tensile and shear, and it was more important in the biomaterial region than in 
the bone tissue areas. Tensile and shear strains were also more negative in the trabecular 
bone control specimen, with 30% of its volume yielded after failure. 
Table 1. Damaged solid volume in tension (SVy,εp1), compression (SVy,εp3) and shear (SVy,γmax) 
after failure in the four bone-biomaterial and the control specimens, as computed using DVC. 
SVy was computed as the hard phase voxels exceeding +/- 10000 µε in tension/compression, or 
above 15000 µε in shear. 
  SVy,εp1 (%) SVy,εp3 (%) SVy,γmax(%) 
Actifuse     
 
Bone 0.79 0.23 0.83 
Biomaterial 0 0 0 
ApaPore     
 
Bone 10.89 5.37 8.99 
Biomaterial 0.02 0.02 0.02 
StronBone     
 
Bone 25.63 42.43 42.49 
Biomaterial -- -- -- 
StronBone-P     
 
Bone 45.53 17.43 43.99 
Biomaterial 50.21 38.08 57.03 
Control     
 
Bone 30.54 13.52 29.85 
Biomaterial -- -- -- 
 
 The histograms of shear strain (Figure 8) for the first and last compression steps well 
described the strain evolution in the bone and biomaterial areas of the analysed specimens. 
As expected, maximum amplitudes were reached for lower strain values after the first 
compression step compared to the last (failure). Additionally, peak values corresponded to 
lower strains in the biomaterial areas in bone-Actifuse and bone-ApaPore, but to higher 
strain levels in the StronBone-P. 
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Figure 8. Histograms of the maximum shear strain distribution (γmax) in the hard phase (bone-
biomaterial) of the VOI as computed using DVC for the first compression step (blue) and after 
failure (orange). Values exceeding 15000 µε are reported in Table 1. A partition of the strain in 
the bone (trabecular and newly formed, solid line) and biomaterial (bone graft, dotted line) is 
shown for the bone-Actifuse, bone-ApaPore and bone-StronBone-P specimens. Bone-
StronBone specimen did not show enough contrast (Figure 4) to segment the graft material from 
the bone tissue.  
5.1.3.3. Multi-scale microCT 
High resolution microCT images (Figure 9) provided morphological and degree of 
mineralisation information that allowed for differentiation of trabecular bone, newly formed 
bone and remaining bone graft, as well as the osteoconduction around the graft material. 
Bone-Actifuse and bone-ApaPore showed minimal dissolution of the biomaterials, with large 
areas of remnants with no signs of resorption. Bone formation was identified within the graft 
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granules and in their proximity. More newly formed bone tissue, characterised for highly 
disorganised structure (callus bone) compared to the native trabecular structure, was 
observed in the bone-Actifuse, further remodeled into trabecular bone. However, bone-
ApaPore presented a more organised bone formation directly from the graft material. Bone-
StronBone and bone-StronBone-P specimens also showed some remnants of biomaterial in 
the bone defect areas; however, resorption was observed within the newly formed bone 
regions, characterised for a higher mineral density (lighter grey-level). The interface between 
the biomaterial and bone was almost completely assimilated (Figure 9-I) but some gaps 
were visible at higher magnification (Figure 9-II, III, green arrows) in bone-Actifuse, bone-
ApaPore and bone-StronBone-P. For all bone-biomaterial systems bone was identified not 
only in contact with the outer surface of the graft but also within its pores (Figure 9, blue 
arrows). The higher-resolution scans enabled to identify osteocyte lacunae within the newly 
formed bone (Figure9-III, yellow arrows). Furthermore, the larger pores found in the newly 
formed bone may probably correspond to blood vessel formation (Figure 9-III, white arrows). 
Additionally, cracks in the ApaPore and StronBone-P, more probably associated with the 
bone impaction grafting procedure, could be identified at the highest resolution (Figure 9-II, 
III, red arrows).  
5.1.4. Discussion 
The aim of this study was to investigate and quantify, for the first time, the full-field strain 
distribution of bone-biomaterial systems produced in vivo by osteoregenerative bone graft 
materials in an ovine model combining in situ SR-microCT mechanical testing and DVC. 
More specifically, this work aimed at evaluating the internal strain and microdamage 
progression of such composites, and the specific strain distribution in bone graft remnants, 
newly formed bone and trabecular bone. A deeper characterisation of the micromechanical 
behaviour of bone-biomaterial constructs was achieved. In fact, despite synthetic bone grafts 
have shown excellent performance in terms of bone regeneration [17], their mechanical 
competence remained partially unexplored [47,48].  
At an apparent level similar forces were observed in the first two compressive steps within 
the elastic range for the bone-biomaterial systems and the control trabecular bone sample. 
However, a further increase of the load evidenced the dissimilarities between the analysed 
specimens. A comparison of the apparent behaviour of the studied composites is 
challenging, as it depends not only on the distinct implanted bone graft material, but also on 
their integration through the regeneration process and their volume fraction. However, it can 
be seen that bone-Actifuse and bone-StronBone-P systems showed a stiffer behaviour 
(Figure 3), which may be related to the higher solid volume fraction (66% and 65%, 
respectively) compared to bone-ApaPore (53%) or the control specimen (24%). It is also 
interesting to note the ductile apparent behaviour (Figure 3) of the bone-StronBone system 
that may be due to the dense regions of newly formed bone (Figure 9) with different 
mineralisation levels.  
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Figure 9. Multi-scale microCT images of the bone-biomaterial systems obtained by increasing 
the spatial resolution. Images were first acquired at a medium resolution (4 µm
3
 voxel size, I). A 
VOI (yellow circle) was selected and a higher resolution acquisit ion was performed (1.5 µm
3
 
voxel size, II). A second VOI (red circle) was then chosen to achieve the highest resolution (0.5 
µm
3
 voxel size, III). Bone formation was observed within pores (blue arrows), and some gaps 
were visible at the bone-biomaterial interface (green arrows). Bone graft material presented 
some cracks (red arrows). Osteocyte lacunae (yellow arrows), and blood vessels (white arrows) 
were identified at the highest resolution. Scale bars are valid for all images in the same column.  
A better characterisation of the mechanical properties of the newly bone formed could be 
achieved using different mechanical tests. Particularly, Gauthier at al., [41] measured the 
compressive strength of the newly regenerated tissue after implantation of an injectable 
bone substitute using micro-indentation. It was shown that the implanted biomaterial could 
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support the formation of new bone with compressive strength higher than in the native 
trabecular tissue. Similar findings have been shown in bone-StronBone (Figure 5, third row). 
Despite high levels of compressive strain were identified in the newly formed bone damage 
was not visible. 
The results herein reported clearly showed that the main microfailure events seemed to be 
localised close to or within the newly formed bone (Figure 4), at the bone-biomaterial 
interface. The higher stiffness and strength of the bone graft compared to the more 
remodelled trabecular tissue induced a critical region at the boundary of the bone-
biomaterial, where the initiation of the failure was identified, consistently with previous work 
on bone-cements composites [43,47,48]. Furthermore, the high-resolution SR-microCT 
images used in this study allowed for the detection of microdamage (i.e. microcracks) in the 
tissue (Figure 4), thus providing a deeper insight of the deformation mechanisms at the 
bone-biomaterial interface. Danesi el al. [48] and Tozzi et al. [43,47] characterised the 
damage progression in bone-cements composites using microCT images obtained in a lab-
based system at 39 µm and 20 µm, respectively. Despite a qualitative inspection and 
quantitative information of the microdamage was obtained at apparent level, the image 
spatial resolution was not enough to characterise the deformation at a lower dimensional 
scale. In fact, this is the first time that a characterisation of the microdamage evolution of 
bone-biomaterial composites at tissue level has been performed, allowing not only the visual 
identification of the internal microdamage at the boundary of the bone and biomaterial, but 
also the quantification of the localised strain in both materials. The potential of DVC based 
on SR-microCT images to characterised bone deformation at tissue level remains partially 
unexplored [51,62], and questions still arise on the effect of high-flux SR X-ray radiation on 
the mechanical properties of the tissue [70]. However, this study limited the total radiation 
dose absorbed by the tissue (~30 kGy) following previous methodologies [62] in order to 
minimise the effect of the X-ray radiation in the mechanical integrity of the specimens. 
DVC successfully showed how local strains built up from the elastic regime highlighting 
internal weaker areas that could further result in microdamage initiation and progression up 
to failure (Figure 5, 6, 7). A complex load transfer was developed in the highly 
heterogeneous composite structures during compression; however, the DVC-computed 3D 
full-field strain allowed a description of the microdamage progression. Particularly, high 
levels of compressive strain, above the typical values of trabecular bone yielding [71,72] 
were found in areas of trabecular bone fracture (Figure 5) in bone-Actifuse, bone-ApaPore 
and control specimens. Interestingly, localised strain concentration was observed in bone-
Actifuse system (Figure 5, top row) from the first compressive step, resulting in fractured 
regions at the final compression step. Although bone-StronBone presented high 
compressive strains since early stages of compression in areas of newly formed bone 
(Figure 5, third row), microdamage was not visible, remarking the important ability of bone to 
accumulate microdamage at tissue level prior to the initiation of microcracks [51,73]. Despite 
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the specimens were subjected to compressive loading, initiation and propagation of 
microcracks in bone-StronBone-P system were not related to compressive strains but shear 
strains (Figure 7, fourth row). Christen et al. [51] showed similar finding during microcrack 
propagation in cortical bone. While compressive (Figure 5) and tensile (Figure 6) strain 
magnitudes were comparable, a stronger tensile strains accumulation was found around 
microcracks and trabecular bone fracture regions. As suggested by Christen et al. [51], 
tensile strains could be used to detect microcracks in the first place. In fact, the tensile strain 
evolution in bone-Actifuse, bone-ApaPore, bone-StronBone-P and control specimens (Figure 
6) seemed to predict the initiation of internal microdamage before it was visible.  
The strain partition between bone and biomaterial in bone-Actifuse, bone-ApaPore and 
bone-StronBone-P systems indicated how the different reabsorption mechanism of the 
distinct graft materials affected the load transfer and therefore, the microdamage 
progression. In particular, the slower resorption of Actifuse and ApaPore (Figure 4) with 
higher stiffness of the biomaterial compared to the bone tissue induced an insufficient load 
transfer from the trabecular bone tissue towards the bone graft regions; therefore, producing 
higher strains in bone areas (Figure 8), which ultimately induced microdamage in the 
trabeculae (Table 1). Conversely, the faster resorption of StronBone-P and better integration 
within the newly formed bone (Figure 4) produced a more effective load transfer through the 
specimen, leading to a more equal strain distribution (Figure 8), resulting in microdamage at 
the interface (Figure 4). Similar findings were reported by Tozzi el al. [47] and Goodheart et 
al. [74] for bone-cement composites. It was shown that the accumulated strain in the 
biomaterial region and the bone-cement interface was much lower compared to the 
trabecular bone when the two phases were clearly distinct, but a better load transfer through 
the interface was found in the more integrated composites. Despite Li et al. [36] recently 
suggest that the presence of grafts remnants in the defect area may provide adequate 
mechanical support during healing, the results herein presented have shown that when the 
biomaterial is less reabsorbed (bone-Actifuse and bone-ApaPore) load cannot be transferred 
in an efficient way, leading to a highly heterogenous strain distribution with large localised 
peaks in the pre-existing bone tissue, which may cause bone fracture in the event of an 
overload postoperatively. However, the more immature tissue filling the defect after faster 
degradation of StronBone and StronBone-P was able to carry the load in a more satisfactory 
way and the structure did not collapse at the end of the compression test. Additionally, 
microdamage was not observed in bone-StronBone system suggesting that although the 
newly formed bone was still very immature and little remodelled, it was able to fulfil and 
exceed the mechanical  performance of the native tissue it was meant to restore. These 
results indicate that a faster resorption rate and higher osteoinduction of synthetic bone 
grafts for bone replacement may be more beneficial for efficient micromechanics in vivo in a 
postoperative overloading scenario. 
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The multi-scale microCT results provided a three-dimensional characterisation of bone 
regeneration induced by the action of osteoconductive biomaterials. The analysis of in vivo 
bone repair for the evaluation of bone graft substitutes has traditionally been assessed using 
scanning electron microscopy (SEM) combined with histological analysis 
[35,36,39,40,75,76]. Despite those methods produce highly valuable data on bone-
biomaterial interactions relating the morphology, amount and functional properties of the 
newly formed bone, they are restricted to sample sectioning and only surface analysis can 
be conducted. Therefore, microCT shows a clear advantage to describe bone-biomaterial 
interfaces ex vivo. Similar to previous findings using SEM [75,77], bone ingrowth was 
observed within both the larger macropores (Figure 9-I, II, blue arrows) and within strut pores 
(Figure 9-II, III, blue arrows). When compared to published histological analysis [36,76], 
osteocyte lacunae (Figure9-III, yellow arrows) were found in the new bone and the gaps 
between the bone and biomaterial (Figure 9-II, III, green arrows) suggest the presence of 
loose connective tissue. In addition, the multi-scale microCT approach herein presented 
could be combined with in situ mechanics and DVC to obtain not only the three-dimensional 
characterisation of bone-biomaterial composites, but also to provide the deformation 
mechanisms at different scales, from apparent to tissue level. Through the correlation of 
DVC-measured strains at multiple resolutions to complementary data such as histology or 
local material properties, a deeper understanding of the in vivo bone repair through the 
action of biomaterials could be achieved. 
The results of this study revealed important details on the bone-biomaterial interactions and 
micromechanics in a clinically relevant bone defect model using synthetic bone graft 
substitutes. The findings have the potential to better inform numerical models of bone tissue 
and bioresorbable material adaptation to enable predictions of the long-term in vivo 
behaviour of such materials in the repair of critical size bone defects. Moreover, the strain 
analysis of bone-biomaterial composites after in vivo service in the animal model was 
performed for the first time; thus, providing clinical relevant biomaterial-tissue integration 
compared to previous experiments carried out in vitro [43,47,48]. The current study is limited 
considering that only one time point (6 weeks after implantation) was evaluated. However, 
the outcomes herein presented can be considered as a representative case for the event of 
an overload during in vivo service in a postoperative period. The inability of bone graft 
materials to restore bone mechanical functions could jeopardise the surgical intervention, 
with consequent clinical and economic impact. Furthermore, due to the limited sample size 
(one specimen per group), the generalisation of the results will need further analyses. 
Additional insights may be gained in future studies by increasing the sample size and 
comparing the bone repair processes and full-field strain at the bone-biomaterial interface 
among different bone graft substitutes, as well as over different implantation times.   
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5.1.5. Conclusion 
The combination of high-resolution SR-microCT images and DVC has allowed 
characterisation, for the first time, of the full-field strain in bone-biomaterial systems 
produced in vivo in an ovine critical size bone defects model. It has been shown that 
complex strain patterns developed through the highly heterogeneous composites during 
compression, promoting primary microdamage either in the pre-existing trabecular bone or in 
the newly formed bone at the bone-biomaterial interface. DVC allowed for a detailed analysis 
of the internal strain distribution and its association with the microdamage initiation and 
progression in proximity to the bone-biomaterial interface.  These findings highlight the 
importance of understanding the interaction and micromechanics of bone graft materials and 
bone tissue. This should facilitate biomaterial development and predictions of long-term bone 
healing following biomaterial implantation.  
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Abstract 
Biomaterials for bone regeneration are constantly under development and their application in 
critical sized defects represents a promising alternative to bone grafting techniques. 
However, the ability of these therapies to produce bone mechanically comparable with the 
native tissue remains unclear. This study examines the morphometry, mineralisation and 
load-bearing capacity of newly formed bone produced in vivo by two different biomaterial-
mediated delivery systems for BMP-2 release combining in situ high-resolution X-ray micro-
computed tomography (microCT) and digital volume correlation (DVC). In addition, a 
comparison with the current gold standard biomaterial (autograft) for bone critical defects 
healing was performed. Results indicated a more efficient load-transfer ability and bone 
remodelling in autograft-treated defects compared to BMP-2-treated defects, which showed 
less remodelled trabeculae and larger highly-strained regions. Additionally, DVC-computed 
full-field strains suggested a mechanical adaptation of bone structure present from the early 
stages of bone healing. The findings and analysis reported herein, using microCT and DVC, 
provide a deeper understanding of the micromechanics of newly formed bone produced in 
vivo following different tissue engineering strategies in relation to its microstructure and 
tissue mineral density. This could ultimately be used to improve and enhance novel bone 
regeneration approaches. 
Keywords: Bone regeneration, BMP-2 delivery systems, in situ mechanics, microCT, 
digital volume correlation. 
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5.2.1. Introduction 
Bone tissue possesses excellent healing capacity as a result of the regenerative growth and 
remodelling process [1,2]. However, many clinical situations, including fracture non-union, 
tumour resection and musculoskeletal diseases, impair the natural bone-healing process, 
due to the critical size of the defects to bridge [3–5]. Common treatments for critical size 
bone defects include bone autografts and allografts [6]. Although autografts are considered 
the gold standard for promoting bone repair [7–9], autografts present several limitations 
including risks of donor site injury, morbidity and limited availability [10,11]. There is thus a 
clear need to define novel strategies to improve and facilitate bone regeneration, which has 
led to the development of bone tissue engineering approaches [12–17].  
Novel tissue engineering techniques seek to further enhance bone regeneration. A promising 
approach relies on the local delivery of growth factors [16,18,19], such as bone 
morphogenetic proteins (BMPs). In particular, BMP-2 has been shown to play a critical role 
in bone formation and bone healing given the capacity of BMP-2 to induce osteoblast 
differentiation [20–22]. BMP-2 is a highly osteoinductive growth factor, generally delivered 
onto an osteoconductive carrier, such as collagen, which provides the structural matrix for 
bone regeneration [23,24]. However, BMPs are soluble proteins and typically dissipate from 
their intended location, leading to several complications [6]. Therefore, the development of 
optimal delivery systems of BMPs is an area of intense research with the aim to provide 
spatiotemporal control of BMPs release in vivo [16,19]  
In order to validate and improve bone tissue engineering strategies, it is essential to evaluate 
the in vivo competence of the newly formed bone induced following applied treatment 
[25,26]. Critical bone defect animal models provide a robust evaluation of the in vivo 
response (i.e. new bone formation, remodelling, implant resorption) of the biomaterial-
mediated delivery of growth factors; thus, defect models have been widely used to 
investigate bone regeneration ability [23,27–29]. However, a biomechanical evaluation of the 
newly regenerated bone during the healing process is still lacking. This evaluation is of 
fundamental importance to demonstrate the ability of different treatments to restore new 
bone with biological and biomechanical properties that are comparable with native bone. 
Specifically, understanding the load-bearing capacity and load-transfer mechanisms is 
essential to fully characterise the mechanical competence of the newly formed bone 
structures. 
High-resolution X-ray imaging (i.e. microCT) has been extensively used to investigate, in a 
three-dimensional (3D) approach, the ex vivo implantation site in a non-destructive way 
[23,25,30]. MicroCT imaging allows for a morphological analysis of the regenerated bone 
tissue [31], as well as the distribution and degree of tissue mineralisation, when appropriate 
densiometric calibration is carried out [32]. Furthermore, when combined with in situ 
mechanical testing [33] and digital volume correlation (DVC)  [34,35], microCT provides a 
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unique tool to investigate the 3D internal deformation of bone at the microscale and 
correlation to the bone microstructure. To date, in situ microCT mechanics in conjunction 
with DVC have been used to examine 3D full-field displacement and strain in trabecular 
bone samples [36,37], cortical bone samples [38], entire bones [39] and bone-biomaterial 
systems [40,41]. However, to the author’s knowledge, in situ microCT mechanics in 
conjunction with DVC has never been applied to newly regenerated bone tissue entirely 
produced in vivo following the delivery of growth factors in critical size bone defects.  
The BMP-2 delivery system employed, is known to influence the bone healing process 
[16,23,24], and therefore, the morphometry, mineralisation and load-transfer ability of the 
newly formed bone. This study aims to investigate 3D full-field strain distribution throughout 
the apparent elastic regime in newly regenerated bone tissue produced in vivo following the 
delivery of BMP-2 from two different biomaterials in a critical size bone defect model, with 
autografts used as a positive control. Bone mineral distribution, morphometry, and load 
transfer response were evaluated combining high-resolution microCT, in situ mechanical 
testing and DVC. The findings of this paper provide important insights on the relationships 
between deformation, microstructure and mineralisation of newly formed bone. Hence, 
improving the description and understanding of bone regeneration process as a result of 
different tissue engineering strategies.. 
5.2.2. Materials and methods 
5.2.2.1. Specimen preparation 
Bone defects (9 mm diameter by 10 mm depth) were performed bilaterally in the medial 
femoral condyles of aged (>5 years) Welsh Upland Ewes (60-75 kg) (n = 4) under Home 
Office license PPL30/2880. Three different treatments were applied: Autograft, InductOs® 
[42] and Laponite [43,44]. Autografts were prepared from the extracted bone cores following 
defect creation; InductOs and Laponite consist of a collagen sponge incorporating BMP-2 
(100 µg) in a formulation buffer or in a Laponite clay gel, respectively. 10 weeks post 
implantation condyles were harvested and fixed in 4% paraformaldehyde solution in a 
phosphate buffered solution (PBS) for one week and stored in PBS at 4°C. Cylindrical bone 
specimens (n = 6, ~5 mm in diameter and ~11 mm in length) were obtained from the bone 
defect areas by drilling with a coring tool under constant water irrigation. The ends of the 
cores were trimmed plane and parallel. Samples were kept in PBS at 4°C prior to in situ 
microCT mechanical testing. Pre-testing, brass endcaps were used to embed the ends of the 
specimens (~ 2 mm each side) to ensure perpendicularity between the bone cores and the 
endcaps base. In total, six specimens were prepared (n = 2 /treatment). 
5.2.2.2. In situ mechanics and microCT imaging 
Specimens were placed within an environmental chamber in a loading device (CT500, 
Deben Ltd, UK) that was positioned in the chamber of a high-resolution 3D X-ray microscope 
(Versa 510, Zeiss, USA) (Figure 1a). First, a small preload (~2N) was applied to ensure 
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good end contact prior to testing, followed by in situ uniaxial step-wise compression at three 
different levels of compression (1%, 2% and 3%). The force-displacement recordings from 
the loading device were used to calculate the stiffness of the specimens. A linear regression 
equation (coefficient of determination R
2
 > 0.997) was used to fit the experimental data 
between 0.8 - 1% and 1.8 - 2% compression, and the stiffness was determined from the 
slope of that line. MicroCT images were acquired (60 keV, 5 W, 5 µm voxel size, 10 s 
exposure time, 1800 projections) at each compression step after two repeated scans in the 
preload configuration for DVC error analysis (Appendix A). Image reconstruction was 
performed via the manufacturer’s software (TXM Reconstructor, Zeiss, USA). In total five 
tomographic datasets were acquired for each specimen. 
 
 
Figure 1. (a) Experimental setup for in situ microCT experiment in the Zeiss Versa 510. 
Specimens were imaged within an environmental chamber inside the loading stage. Uniaxial 
step-wise compression was carried out in displacement control at a constant cross-head speed 
of 0.2 mm/min. (b) 3D volume reconstruction of a cylindrical specimen and (c) a corresponding 
cubic (3.5 x 3.5 x 3.5 mm) volume of interest (VOI) that was cropped at the centre of each 
specimen. Representative cross-section through the VOI (d) before and (e) after masking out 
the soft material (i.e. bone marrow) from the mineralised tissue. 
5.2.2.3. Mineral density distribution 
A densiometric calibration phantom (microCT-HA, QRM, Germany) containing five insertions 
with hydroxyapatite (HA) concentrations (1200, 800, 200, 50, 0 mg HA / cm
3
) was imaged 
under identical experimental conditions and used to calibrate the microCT grey-scale values 
of the first acquired tomogram for each specimen into tissue mineral density (TMD).  A cubic 
volume of interest (VOI) with side lengths of 700 voxels (3.5 mm
3
) was cropped from the 
centre of the scaled images (Figure 1b, c) and the average and peak TMD (Avg-TMD and 
Peak-TMD) were calculated from the calibrated histograms of each specimen.  
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5.2.2.4. Image post-processing 
Following image reconstruction, the microCT datasets were rigidly aligned using as 
reference the first acquired tomogram. The rigid registration was based on the sum of 
squares differences as a similarity measurement. The images were then denoised by 
applying a non-local means filter (σ = 10) (Figure 1c) and masked by setting to zero the 
grey-scale values corresponding to the non-mineralised tissue voxels (i.e. bone marrow) 
(Figure 1d). A binary image was first created by applying a global thresholding based on 
Otsu’s algorithm [45], followed by a ‘purify’ analysis in BoneJ [46] plugin for Fiji [47], which 
locates all particles in 3D and removes all but the largest foreground (bone tissue) and 
background (bone marrow) particles. Masked images (Figure 1d) were obtained by 
multiplying the filtered image to the binary image. 
5.2.2.5. Morphometric analysis 
Morphometric analysis was performed using BoneJ [46] plugin. The same cubic VOI, as for 
the mineral density distribution (Figure 1c), was cropped from the binary images and bone 
volume fraction (BV/TV) was computed. Due to the irregular bone microarchitecture induced 
by the different treatments, trabecular thickness (Tb.Th) and trabecular spacing (Tb.Sp) were 
computed in smaller sub-VOIs (1.75 mm
3
). Data were subsequently screened using Peirce’s 
criterion [48] to identify outliers and to remove large voids or callus bone regions from the 
computation. Following removal of outliers, mean Tb.Th and Tb.Sp were calculated for each 
specimen. 
5.2.2.6. Digital volume correlation 
DVC (DaVis v8.4, LaVision, Germany) was carried out to evaluate the 3D full-field strain 
distribution in the newly regenerated bone tissue throughout the apparent elastic regime. 
DaVis software is based on a local approach [49] of deformable registration, which has been 
extensively used in bone mechanics [36,37,39].  The operating principles of the algorithm 
are detailed elsewhere [50]. DVC was applied to the masked images (entire cylinders) to 
avoid possible artefacts in regions with insufficient grey-scale pattern (i.e. bone marrow). A 
multi-pass scheme with a final sub-volume of 40 voxels (200 µm), reached via predictor 
passes using sub-volumes of 56, 48 and 44 voxels was used. Furthermore, sub-volumes 
with a correlation coefficient below 0.6 were removed from the resultant vectors. Errors on 
the DVC-computed displacement (zero-strain test) did not exceed 2 µm, whereas the mean 
absolute error (MAER) and the standard deviation of the error (SDER) of the strain 
components [51] were found to be ~530 µε and 160 µε, respectively (Appendix A). The third 
principal strain (εp3) for each loading step was computed within the bone volume in the VOI 
(Figure 1b) previously described, after a bi-cubic interpolation.   
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5.2.3. Results 
The in situ mechanical tests (Figure 2a) demonstrated the distinct response of each 
specimen under the same applied compression, with stiffness ranging from 131.9 N/mm for 
Laponite # 1 to 547.6 N/mm for InductOS #2 (Table 1). Force-compression curves exhibited 
a monotonic profile that was observed  to be, in essence, linear during the three loading 
steps. The TMD distribution (Figure 2b) in the VOI of the specimens showed little difference, 
with mean Avg-TMD of 1168.5 mgHA/cm
3
 (± 50.4 mgHA/cm
3
) and mean Peak-TMD of 
1236.4 mgHA/cm
3
 (± 47.4 mgHA/cm
3
)  (Table 1).  
 
Figure 2. (a) Force-compression curves for the six specimens. The force shows a drop at the 
end of each step of compression, which corresponds to the time while the specimen was 
allowed to settle (~30 min) prior to image acquisition (~5 h). An initial toe region was observed 
in Inductos #1 and Laponite #2, mainly dependant on the initial lack of co-planarity between the 
ends of the specimens. (b) Normalised tissue mineral density histograms for the six analysed 
specimens showed minimal differences in peak values and distribution. 
Table 1. Overview of the mechanical, mineral and morphological parameters of the analysed 
specimens. For each specimen, stiffness, average tissue mineral density (Avg-TMD), peak 
tissue mineral density (Peak-TMD), bone volume fraction (BV/TV), trabecular thickness (Tb.Th) 
and trabecular spacing (Tb.Sp) are detailed. 
 Stiffness 
(N / mm) 
Avg-TMD 
(mgHA/cm
3
) 
Peak-TMD 
(mgHA/cm
3
) 
BV/TV 
(%) 
Tb.Th 
(µm) 
Tb.Sp 
(µm) 
Autograft #1 249.3 1207.8 1279.5 46.1 222±71 484±168 
Autograft #2 212.1 1247.9 1314.8 33.9 267 ± 72 736±246 
InductOs #1 547.6 1107.2 1185.4 52.2 233 ± 68 477±183 
InductOs #2 322.6 1183.1 1232.5 54.6 147±41 338±198 
Laponite #1 131.9 1152.3 1220.7 22.4 107±47 466±282 
Laponite #2 363.0 1112.5 1185.4 45.4 141±35 339±189 
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High-resolution microCT images (Figure 3) allows visualisation of the characteristic 
microstructure and mineral distribution in the newly formed bone induced by the different 
treatments. Greater remodelled bone trabeculae were observed in Autograft specimens in 
comparison to other groups  with the presence of highly mineralised regions (lightest grey) 
within the newly formed bone. InductOs specimens presented the highest BV/TV, above 
50% (Table 1) with dense areas of woven bone observed. InductOs #1 was able to 
regenerate trabeculae with comparable thickness to Autograft specimens (~250 µm), 
whereas thinner trabeculae (~150 µm) were observed in InductOs #2 (Table 1). The thinnest 
trabeculae (below 150 µm) were identified in Laponite specimens, where larger voids were 
found in Laponite #1 that was unable to entirely bridge the defect site, compared to Laponite 
#2.  
 
Figure 3. MicroCT cross-sections through the six analysed specimens showing differences in 
microstructure and mineralisation. Large agglomerates of mineral (white) were identified in 
Autografts specimens. Laponite #1 showed considerably thinner trabeculae. Large areas of 
woven bone were present in InductOs and Laponite #2 specimens. Scale bar is valid for all 
images. 
The distributions of εp3 (Figure 4) correlated with the strain accumulation at each 
compression step. Autograft specimens showed small differences between mean and 
median values, whose magnitudes ranged between 1000 µε at 1% compression and 2500 
µε at 3% compression with highly homogeneous distributions and thin tails. Higher strain 
accumulation was observed for InductOs and Laponite specimens, which showed a broader 
distribution. This was more evident at 3% compression, where mean and median values 
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differed considerably, and large inter-quartile ranges were found. The highest compressive 
strains were observed in Laponite #1, with mean strain magnitudes varying from 2000 µε at 
1% compression to 8000 µε at 3%, whereas mean strain magnitudes never exceeded 3500 
µε for the other specimens. 
 
 
Figure 4. Violin plots showing the third principal strain distribution (εp3) in the VOI of the six 
specimens at each compression step smoothed by a kernel density function. Median (+) and 
mean (*) values are indicated in each plot. Horizontal lines show the inter-quartile range (IQR, 
between 25th and 75th percentile of the data).  
3D full-field εp3 in Autograft specimens (Figure 5a) revealed small strain accumulation with 
increasing compression levels. Areas of high strain concentration (Figure 5b) were 
predominantly within the more remodelled trabeculae from the first compressive step, with 
strain magnitudes exceeding -8000 µε in some regions at 3% compression. Newly formed 
bone regions showed less mineralisation (Figure 5c) compared to the greater remodelled 
trabecular bone, however this was not related to higher deformation. Strain accumulation 
within the InductOs specimens (Figure 6a) was observed to be more progressive than for 
Autograft specimens, showing higher differences at each compressive level. Highly strained 
areas were typically observed in the newly formed bone (woven) for InductOs #1 and in the 
newly formed trabeculae in InductOs #2 (Figure 6b), experiencing lower levels of strain. 
Interestingly, less mineralisation (Figure 6c) was detected in the high strain regions. 
InductOs #2 specimen included large mineralised areas within the woven bone (Figure 6c.2). 
Laponite #1 specimen (Figure 7a.1) displayed a marked and abrupt strain accumulation 
compared to Laponite #2 (Figure 7a.2), with areas with strain magnitude exceeding 10000 
µε from the first compression step (Figure 7b.2). Full-field εp3 in Laponite #2 was largely 
homogeneous after 1% and 2% of applied compression; however, larger strain values were 
found at 3% compression. Both specimens experienced higher strains in the newly formed 
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thin trabeculae (Figure 7b), which also matched the lower mineralised regions (Figure 7c). 
TMD was found to be higher in callus new bone. 
 
Figure 5. (a) 3D full-field third principal strain distribution (εp3) at each compression step for the 
VOI of Autograft specimens and (b) corresponding 20% of bone volume fraction (BV/TV) highly 
strained. An increase and redistribution in the accumulated strain is observed after consecutive 
compression steps. (c) Tissue mineral density distribution in the VOI of each specimen. The 
more remodelled trabeculae showed higher mineralisation compared to newly formed bone 
tissue in both specimens. Animations of strain distribution over time available online (see 
available electronic data AVI_5.2.5 in thesis annexes). 
5.2.4. Discussion 
The main aim of this study was to provide a detailed 3D characterisation of the 
microarchitecture, tissue mineral density and full-field strain in newly formed bone induced in 
vivo in a large animal critical bone defect following three distinct reparative strategies. High-
resolution X-ray imaging in combination with in situ mechanical testing and DVC was used to 
generate insights into differenced in the morphometry, mineralisation and load transfer 
capacity of the regenerated bone.  
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Figure 6. (a) 3D full-field third principal strain distribution (εp3) at each compression step for 
the VOI of InductOs specimens and (b) corresponding 20% of bone volume fraction (BV/TV) 
highly strained. An increase and redistribution in the accumulated strain is observed after 
consecutive compression step. (c) Tissue mineral density (TMD) distribution in the VOI of 
each specimen. The more remodelled trabeculae showed higher mineralisation compared to 
newly formed bone tissue in InductOs #1. Highly mineralised areas were identified in woven 
bone in InductOs #2. Animations of strain distribution over time available online (see 
available electronic data AVI_5.2.6 in thesis annexes). 
The distinct treatments applied to the bone defect produced a clear influence on the 
microstructure of the newly regenerated tissue (Figure 3). Ten weeks post-implantation was 
observed to be insufficient time to completely remodel bone within the defect; thus, woven 
bone was observed in all specimens. Even though, Autograft induced better bone formation, 
evidenced by the greater remodelled trabeculae observed, compared to the BMP-2 treated 
defects. Both InductOs and Laponite specimens showed a considerably more irregular 
microarchitecture, and the presence of large voids within the structure. In vivo, collagen 
degrades rapidly, resulting in the development of voids within the new bone matrix. This is 
mainly due to the inability of collagen to provide structural support for cell migration in 
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adequate time [18,52]. InductOS specimens induced the greatest bone formation (Table 1), 
although large regions of woven bone were observed. Conversely, Laponite induced the 
thinnest trabeculae, but less woven bone. Trabecular thickness and spacing of all the 
specimens were measured in smaller sub-VOIs and examined for possible outliers [48] to 
avoid misleading data as a consequence of compact woven regions and empty voids. As a 
result, outliers were removed from the data and presented values (Table 1) are 
representative of the trabecular-like structure of each specimen. 
 
 Figure 7. (a) 3D full-field third principal strain distribution (εp3) at each compression step for the 
VOI of Laponite specimens and (b) corresponding 20% of bone volume fraction (BV/TV) highly 
strained. An increase and redistribution in the accumulated strain is observed after consecutive 
compression step. (c) Tissue mineral density distribution in the VOI of each specimen. Highly 
mineralised regions were found in within the woven bone, whereas the newly formed thin 
trabecula showed lower mineralisation. Animations of strain distribution over time available 
online (see available electronic data AVI_5.2.7 in thesis annexes). 
The different microarchitecture induced in vivo in the bone defects clearly influence their 
apparent mechanics (Figure 2a). It is known that the elastic behaviour of trabecular bone 
depends on the loading direction [53–56], anatomical site [57–59] and size of the sample 
[60–62]. This study showed a low correlation (R
2
 < 0.6) between the measured stiffness and 
any morphometric parameter. However, it must be noted that specimens tested were not 
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fully remodelled into trabecular bone at the time of extraction. Furthermore, the specimens 
were not cored and tested along the principal direction, mainly due to the experimental 
difficulties related to the bone defect size and location of the newly formed bone within 
specimens. Although the microstructure and stiffness of the analysed specimens clearly 
differed, negligible changes were observed in their TMD distribution (Figure 2b). Higher 
mineralisation was found in the greater remodelled trabeculae of the Autograft (Figure 5c) 
and InductOs #1 (Figure 6c.1) specimens compared to the less remodelled and thinner 
trabeculae in InductOs #2 (Figure 6c.2) and Laponite (Figure 7c) specimens.  
The DVC-computed full-field strain in the specimens allowed for characterisation of the load 
transfer ability of the newly regenerated bone tissue. Despite the fact that applied loads at 
each compression step do not correspond to any physiological load in vivo, specimens were 
predominantly tested in their apparent elastic regime. This provided enhanced insight on the 
load-bearing capacity of such bone structures away from failure. A more homogeneous 
strain distribution was observed for Autograft specimens (Figure 5a) during the three 
compression steps, where the bone tissue experienced strains mainly within physiological 
strain values (magnitude below 3200 µε [63]). Similar behaviour was observed for InductOs 
#2 (Figure 6a.1) and Laponite #2 (Figure 7a.1). In fact, during the first two compression 
steps, strains were typically below 3000 µε in magnitude, and only higher strain 
concentrations were observed after 3% compression in the newly formed trabeculae, with 
strain values approaching the yielding (10000 µε in compression [64]). In contrast, full-field 
strain distribution in InductOs #1 and Laponite #1 showed the inefficiency of both structures 
to transfer the applied load. As a result, highly strained regions (above yielding) were 
observed and further increased since the early stages of compression, 1% for Laponite #1 
(Figure 7a.2) and 2% for InductOs #1 (Figure 6a.2).   
Identification of highly strained regions further improved understanding as to where failure 
may develop in such structures and how the regeneration process, with changes in bone 
microarchitecture and mineralisation, is optimised to bear externally applied loads.  
Interestingly, highly strained regions were predominantly localised in the newly regenerated 
trabeculae in all the specimens, independent of  mineralisation. This suggests that from the 
earliest stages of bone formation, the bone structure is adapted to withstand external loads 
[65], regardless of the specific treatment applied to the bone defect. Furthermore, enhanced 
mineralised regions of the BMP-2 treated specimens (Figure 6 and 7) appeared to act as a 
shielding mechanism, driving the load towards the trabecular-like structure, which is adapted 
to the external mechanical demands in vivo. It is well known that the mechanical 
environment highly influences the pathways through which bone healing occurs [66,67]. 
However, determining the precise strains that tissues are experiencing in vivo remains a 
significant challenge  [68], and most research, to date, has focused on in silico studies [69]. 
Despite the ex vivo nature and the non-relevant physiological load applied to the specimens, 
the findings of this study provide insight into how the bone repair process in a large animal 
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critical defect is highly influenced by the mechanical stimulus. Critically, higher strains were 
measured within the newly formed trabeculae, which in an in vivo scenario (i.e. cyclic load 
during walking) could result in a mechanical stimulation [70] to the adjacent woven bone to 
further enhance and continue the remodelling process. 
Nevertheless, a number of caveats must be considered within this study. The limited quantity 
of newly formed bone within the defects resulted in a limited sample size (two specimens per 
treatment) and the inability to extract the specimens in the principal direction of the newly 
formed trabeculae. In addition, a single time point was evaluated; given these were large 
animal ovine studies, therefore, generalisation and extrapolation of the current results 
warrants further analysis. However, the results herein presented have the potential to better 
inform in silico models of bone remodelling to enable long-term predictions of bone 
adaptation under different loading conditions.  While it could be argued that the mechanics of 
bone tissue may be altered due to the fixation process, it should be noted that the specimens 
were left in fixative for only one week and testing was undertaken in the apparent elastic 
regime. It has been shown that fixation for up to 4 weeks does not alter the compressive 
properties of bone [71] and appears not to influence the elastic properties of bone [72]. 
Furthermore, the aim of this study was not to characterise the material properties of the 
newly formed tissue, but rather to understand the load-transfer capability of the bone ex vivo. 
Additionally, the calibration phantom was not included with each specimen to be imaged; 
therefore, the intrinsic fluctuations of the microCT system (i.e. tube voltage level, current), 
which could potentially affect the grey-scale levels, were not accounted for [32]. Though, the 
purpose of the presented calibration was to better understand how high and low mineralised 
regions of bone correlated with newly formed bone as opposed to a precise determination of 
density measures of each specimen.  
5.2.5. Conclusion 
The combination of high-resolution X-ray microCT, in situ mechanics and DVC was used to  
characterise the relationships between microstructure, mineralisation and load-bearing 
capacity of newly formed bone induced in vivo in a large animal critical size bone defect 
following different treatments. Bone produced via BMP-2 delivery with two different carriers 
was compared to the gold standard procedure (autograft), providing new information on the 
bone healing process and the micromechanics of the regenerated bone. Independent of the 
applied treatment, DVC-computed strain distributions indicate that the regenerated bone 
structure is mechanical adapted to bear external loads from the earliest stages of the bone 
reparation cascade. The results of this study provide an important step towards 
understanding the load transfer ability of newly formed bone in vivo. Such information is 
crucial to facilitate developments in new improved bone tissue regeneration strategies 
designed to produce bone tissue with comparable biomechanical qualities to native bone. 
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Supplementary material S1 
Evaluation of DVC uncertainties 
The quantification of the level of uncertainties in the DVC measurements were computed for 
each pair of ‘zero-strain’ repeated tomograms. Ideally, null displacements are expected; 
however, during image acquisition displacements are affected by the inevitable unknown 
micromovements of the different parts of the system. Therefore, only the variability of the 
displacement (random errors) within each pair of tomograms was calculated. Additionally, 
any non-zero values of the derived strains  were considered as error. Eight multi-pass 
schemes [50] with final sub-volume sizes ranging from 16 to 72 voxels, in steps of 8 voxels 
were investigated. For each sub-volume, the following parameters were computed. 
 Mean absolute strain value: average of the average of the absolute values of the six 
components of the differential strain, similar to MAER or “accuracy”, as in [73,74] 
 Standard deviation of the strain value: standard deviation of the average of the absolute 
values of the six components of the differential strain, similar to SDER or “precision”, as 
in [73,74]. 
 Random errors of the displacements: standard deviation of each displacement 
component, as in [75]. 
 Random errors of the strain components: standard deviation of each strain component, 
as in [75]. 
The random errors of each component of the displacement never exceeded 2.07 µm (0.4 
voxel) (Table S1) for a final sub-volume size of 200 µm). The errors obtained for the 
displacements in the x direction were larger than in y (lowest random errors) and z direction. 
As expected from previous studies on bone [73,76], the strain uncertainties of the DVC had 
decreasing trends with respect to the sub-volume size, and the values of the mean value of 
the strain (MAER) were larger than the standard deviation (SDER) (Figure S1). The mean 
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MAER ranged between 1200 µε and 400 µε, in sub-volumes of 16 to 72 voxels (80 to 360 
µm). The mean SDER ranged between 550 µε and 100 µε in the same sub-volumes. For a 
sub-volume size of 40 voxels (200 µm), the mean random errors of the displacement 
components remained below 2 µm (Figure S2a), whereas the mean random errors of the 
strain (Figure S2b) were below 360 µε. 
Table S1. Random errors for the three displacement components in the multi-pass schemes 
analysed. Median values of the six specimens are shown. 
Multi-pass scheme 
sub-volume sizes 
(voxels) 
Final sub-volume 
size (µm) 
Displacement random errors (µm) 
X Y Z 
80-40-32-24-16 80 1.78 1.34 1.74 
96-48-40-32-24 120 1.70 1.18 1.64 
112-56-48-40-32 160 1.62 1.02 1.55 
128-64-56-48-40 200 2.07 0.96 1.66 
144-72-64-56-48 240 2.02 0.91 1.62 
160-80-72-64-56 280 1.94 0.86 1.56 
178-88-80-72-64 320 1.86 0.81 1.49 
192-96-88-80-72 360 1.81 0.77 1.44 
 
Figure S1. Relationship between (a) MAER and (b) SDER with the sub-volume size for the six 
specimens. Median values are also reported. 
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Figure S2. (a) Displacement random errors and (b) random errors of each strain component for 
the analysed specimens computed with a final sub-volume size of 40 voxels. Bars represent the 
median value, whereas error bars represent the standard deviation accounting for the total 
number of specimens (n = 6). 
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6.1. Background 
One of the largest unsolved challenges in clinical orthopaedics regards bone regeneration in 
critical-sized bone defects caused by trauma, infection, tumours or musculoskeletal diseases 
[1–3]. To repair such defects, biomaterials are used to restore both bone structure and 
function [4,5]. Autografts are still considered the most effective methods for bone 
regeneration; however, only in some specific cases, with precise indication or small defects, 
biomaterials can be safely and efficiently used [6]. Improvement of the osteoconductive 
properties of the biomaterials associated with a controlled release of osteoinductive 
compounds might replace the use of autograft in several clinical situations, which will result 
in faster, cheaper and easier surgeries, with less side effects and morbidity [4–10].  
Along with the intense research in biomaterials for bone regeneration, still major limitations 
exist in the translation of novel biomaterials from the lab to the clinic. Especifically, the 
biomechanical response of newly regenerated bone in critical-sized defects after the 
implantation of such biomaterials remains poorly understood [11–13]. This is particular 
important when bone defects occur in load-bearing regions [13,14]. A detailed investigation 
of the biomaterial integration together with their ability to restore bone with biomechanical 
properties that are comparable with the native tissue is essential, as it will help to predict the 
overall structural response under load, as well as the internal microdamage initiation and 
progression, which may progress to failure. Ultimately, these findings will benefit biomaterials 
development and predictions of long-term bone healing following their implantation.  
The introduction of high-resolution X-ray micro-computed tomography (microCT) combined 
with in situ mechanical experiments (X-ray biomechanical imaging) and the latest 
development on digital volume correlation (DVC) techniques provided access not only to 
three-dimensional (3D) bone microstructure information but also the 3D evaluation and 
quantification of bone deformation under different loading conditions [15–17]. However, the 
application of these techniques for the investigation of newly formed bone produced in vivo 
in critical-sized bone defects after biomaterial implantation has never been addressed. To a 
certain extent, the absence of research on that area is due to the need for a translation of 
DVC computation from apparent to tissue level, with the ability to provide reliable strain 
measurements within the bone tissue. Therefore, the main aim of this thesis was to combine 
high-resolution X-ray microCT biomechanical imaging and DVC to newly regenerated bone 
structures in order to provide a deeper insight on bone formation, mechanical competence 
and deformation mechanisms at tissue level. Different tissue engineering strategies 
promoting the healing process clearly influence the newly formed bone morphometry, 
mineralisaton and mechanics; thus the design of novel biomaterials will benefit from the 3D 
ex vivo characterization of such hererogeneous structures. The main research outcomes are 
presented in the following sections. 
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6.2. Full-field strain measurement at tissue level 
Bone is a highly hierarchical material that is organised at the different levels to optimise its 
mechanical performance during life [18,19]. Therefore, its mechanical behaviour (i.e. failure 
load, toughness) depends on the intrinsic materials properties at the different dimensional 
scales as well as the structural relationships at the various levels of organisation. 
Specifically, to evaluate the effect of biomaterials implantation on the mechanical properties 
of the newly formed bone and bone healing process, where the implanted constructs need to 
integrate with the tissue and provide mechanical integrity to the bone structure [20,21], the 
mechanical properties on the different bone structural units (i.e. trabeculae) need to be 
accurately quantified [22]. A reliable measurement of the internal full-field distribution of local 
properties, such as displacement and strain, within the tissue in different loading conditions 
can be used to evaluate the efficacy and competence of such biomaterials during bone 
forming.  
The main achievement of Chapter 3 was the development of a comprehensive 
methodological approach for full-strain investigation of bone and bone-biomaterial systems 
at tissue level using a local DVC approach based on SR-microCT images. Although the 
suitability of high-resolution SR-microCT imaging to provide reliable displacement and strain 
measurement in bone structures (i.e. cortical and trabecular) at tissue level has been 
previously addressed [22,23], the image quality was considerably improved by using longer 
acquisition times, shorter propagation distance and higher optical magnification. In Chapter 
3, the signal-to-noise ratio (SNR) was significantly reduced in order to minimise the 
irradiation-induced damage by optimising imagining acquisition parameters, post-processing 
and DVC-settings. A detailed methodological study was conducted bringing awareness of 
DVC-computation at tissue level and how to relate local strain mapping into the 
microstructure of the tissue. This is fundamental as image correlation is sensitive to all grey-
level features in the images, including noise and artefacts which can cause an 
overestimation of the errors. In fact, without standardized guidelines and being DVC the only 
experimental method that allows for 3D displacements/strain measurements, the best 
strategy for ensuring reliable results is a correlation based in repeated unloaded scans 
followed by a careful analysis of the associated residual strains [22,24,25]. 
6.3. Bone preservation strategies during in situ SR-microCT 
experiments. 
SR-microCT possesses significant advantages over standard microCT systems. To date, 
SR-microCT remains the only technique that allows the acquisition of high-resolution 3D 
images with sufficient spatial resolution and SNR to visualise damage initiation and 
propagation, when coupled to in situ mechanics [26,27]. Additionally, scanning times are 
reduced enough to perform in situ experiments in a quasi-time-resolved manner. However, it 
cannot be considered as a non-invasive technique. Synchrotron radiation dose can alter the 
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mechanical properties of bone [28–30]; therefore, special care is needed when performing 
mechanical test on biological materials in combination with SR-microCT imaging. The major 
aim of Chapter 4 was the development of two methodological approaches aiming at 
preserving bone tissue structural and mechanical integrity during in situ SR-microCT 
experiments. To date, radiation doses up to 35 kGy are considered to be within the ‘safe’ 
threshold dosage for bone allograft sterilization [28,31]. However, in situ SR-microCT 
experiments usually requires longer exposure times to gain accurate information at tissue 
level, which consequently results in high irradiation levels. In Chapter 4.1 preservation of 
bone integrity was achieved by reducing the total exposure to SR radiation, which resulted in 
a total accumulated dose below 35 kGy after the acquisition of seven tomographic dataset; 
thus, allowing the translation to in situ mechanical tests for the assessment of damage (i.e. 
microcrack) initiation and progression not only in the elastic, but also beyond yield in the 
plastic region. Furthermore, the application of DVC to specimens deformed by a combination 
of both mechanical load and irradiation was addressed for the first time. Local deformations 
changes were analysed after increasing radiation doses and highly strained regions were 
found in correspondence with microdamaged regions. The proposed protocol was 
successfully applied in Chapter 5.1 to in situ SR-microCT mechanical testing of bone-
biomaterial systems, in which low exposure times to SR radiation were used to minimise 
irradiation-induced damage in the tissue and preserve the mechanical properties of the 
analysed specimens. Preservation of bone integrity during in situ experiments is particularly 
important to accurately characterise the newly regenerated bone, which is less mineralised 
than the mature trabecular bone tissue; thus, SR radiation may have a more harmful effect. 
In Chapter 4.2 bone tissue preservation was effectively attained by controlling the 
environmental temperature while irradiating the bone specimens. Imaging settings that in 
Chapter 4.1 were shown to deteriorate bone tissue were also adopted here and it was shown 
that decreasing the environmental temperature to 0°C promoted bone preservation. In fact, 
controlling the temperature allowed to prolong the exposure time during SR-microCT 
imaging without compromising bone integrity; thus, higher SNR could be achieved. DVC was 
used for the first time to quantify the deformation induced in bone due to the irradiation, 
showing cumulative residual strains after increasing radiation exposures, which were 
considerably lower with decreased temperatures. The obtained knowledge in Chapter 4.2. 
highlights the importance of a controlled environment during in situ SR-microCT experiments 
to retain bone tissue integrity. In addition, irradiation-induced microcracks in the tissue could 
be tracked using DVC, and the displacement and strain directions successfully tracked crack 
initiation and propagation, suggesting the potential of in situ SR-microCT mechanical testing 
and DVC to experimentally characterise the crack opening modes in bone tissue.  
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6.4.  Full-field deformation of newly regenerated bone. 
The variation in load-bearing capacity of the newly formed bone produced in vivo by 
osteoregenerative biomaterials in critical-sized defects is crucial to fully characterise the 
biomechanical capacity of the new tissue and enhancing novel bone regeneration 
approaches. Mechanical support is continuously needed as the biomaterial degrades within 
the defect site, until the new bone tissue can take up the load. In fact, the inability of the 
newly regenerated tissue to prevent further bone damage and support weight-bearing 
regions may jeopardise the surgical interventions, resulting in a second intervention with 
associated impact on patient’s quality of life and costs to the national healthcare system. 
Additionally, it can be clinically observed that sometimes biomaterials may be too quickly 
fully resorbed thus leaving voids in the reconstructed bone defects. However, the conditions 
and the extent of how bone functional adaptation (i.e. modelling and remodelling) will lead to 
a replacement of the bioresorbable material with mechanically competent bone tissue 
remains partially understood [32].  Several numerical models have been proposed describing 
the biomechanical phenomena which occur in bone tissues reconstructed with biomaterials 
and predicting the processes of bone growth and resorption of biomaterials [32–36]. 
Although such models seem extremely promising for the prediction of long-term bone 
adaptation within the defect site, in vivo and ex vivo data is yet limited. This is mainly due to 
difficulties associated with experimental analysis over the healing time.   
Chapter 5 detailed the investigation of the full-field deformation of bone-biomaterial systems 
and newly formed bone produced in vivo after the application of osteoconductive (Chapter 
5.1) and osteoinductive (Chapter 5.2) biomaterials in an ovine critical-sized defect model. 
Undoubtedly, the data and results presented in Chapter 5 will allow for the refinement of the 
above mentioned models and consequently, to implement their use in the design of novel 
biomaterials as a predictive tool for a priori optimisation and long-term behaviour of such 
materials. In Chapter 5.1 the time point of extraction (6 weeks post-implantation) was not 
enough for a total resorption of the graft material; consequently, the microdamage initiation 
and propagation at the interface between the newly formed bone and the remnant 
biomaterial could be investigated. The main findings in Chapter 5.1 was the identification of 
microdamage accumulation in proximity or within the newly formed bone tissue. It was also 
shown that when the biomaterial was less resorbed, the higher gradient of stiffness at the 
bone-biomaterial interface resulted in a weaker interface and consequently an inefficient load 
transfer from the more remodeled bone towards the bone graft regions, which finally induced 
microdamage in the trabeculae. However, when the biomaterials are resorbed faster the 
newly formed bone could efficiently bear the load, although still in an immature stage of 
development (woven). These findings ultimately suggest that a faster resorption rate and 
higher osteoinduction may be more beneficial for an efficient micromechanics in vivo in a 
postoperative overloading scenario. On the other hand, the longer implantation time (10 
weeks) and different nature of the biomaterials used in Chapter 5.2 allowed for their 
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complete resorption and therefore only newly regenerate tissue was observed. The major 
finding in Chapter 5.2 was the demonstration of the mechanical adaptation of bone structure 
since the early stages of bone healing independently on the biomaterial used for treating the 
bone defects. Unavoidably, the microstructure of the newly formed bone in each defect site 
analysed was different not only among the treatment groups, but also within the same group. 
However, the full-field strain distribution showed that each particular microstructure was 
optimised to bear and distribute the externally applied loads. These results eventually 
suggest that enhanced osteoinductive biomaterials offering a controlled released of BMP-2 
could successfully be adopted for the treatment of critical-sized bone defects, replacing the 
use of autografting.  
The different time point of extraction and nature of the biomaterials makes a comparison 
between both studies difficult. It has been shown that the level of osteoinductivity achieved 
with bone grafts appears to be very limited when compared to BMP. Therefore, hybrid 
materials incorporating BMPs for added osteoinductivity seems to indicate the strategy to 
follow. However, the biomaterial delivery-system has to be carefully chosen in order to 
provide spatial-temporal release of BMPs, otherwise, as shown in Chapter 5.2 the fast 
degradation of the biomaterials (i.e. collagen) does not provide structural support for an 
adequate time and large voids may be found within the newly formed structure. 
Consequently, those voids acting as strain concentrators that in the event of an overload 
during in vivo service may result in the failure of the overall structure. Other studies have 
shown that bone formation induced by BMPs is much faster, and it is more reproducible that 
that seen with bone grafts [37–39]. Accordingly, the slow bone formation together with the 
slow degradation of bone grafts induce a weak interface, as presented in Chapter 5.1 in 
which microdamage may initiate and propagate if the defect site is subjected to and 
excessive load in vivo.  
6.5. Limitations and future research. 
The DVC approach used in this work is a local approach, in which the sub-volumes of the 
undeformed and deformed images are registered independently [40]. Global approaches 
instead [40,41] consist of performing the registration over the entire images by 
superimposing a mesh (i.e. 8-noded cube elements). The displacement field is then 
assumed to be continuous a priori and that allows for a decrease of the displacement 
resolution when compared to local approaches for an equivalent spatial resolution [42]. 
However, the multipass scheme implemented in the local DVC approach of DaVis software 
allows for consistency between the deformation of adjacent sub-volumes, when more than 
one pass is invoked. As shown in the development of this PhD work, reliable strain 
measurements can be obtained with the adopted local DVC approach, which has 
successfully been used to track initiation and propagation of local microdamage in the tissue. 
Nevertheless, novel DVC methodologies, aiming at improving the measurement 
uncertainties by increasing/decreasing the density of sub-volumes in specific location in 
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order to better follow the microstructure [43,44], may result to be beneficial for tracking the 
deformation in such heterogeneous structures as the ones presented in this work. In fact, 
different sub-volumes could be defined for the newly formed bone, more remodeled 
trabecular and biomaterial remnants, as the image texture differs for each of those phases, 
and therefore, a material-specific sub-volume size might allow for a more accurate tracking 
of the deformation of each phase. Another important advantage of DVC is in its potential for 
integration with numerical simulations and mechanical problems  [42]. In this perspective, 
both local and global approaches are valuable although the latter makes the transition  of 
DVC measurements in finite element modelling (FEM) easier in comparison with local DVC. 
A full integration of DVC measurements with FEM is extremely beneficial,  as DVC can be 
used to validate FEM predictions of both apparent and local properties [45–47]. In addition, 
and integrative FE-DVC approach can be used to identify the material properties of the 
tissue and/or the biomaterial [43], allowing a better characterisation of the micromechanics of 
bone regeneration following different tissue engineering strategies. 
Another limitation of concerns the use of ovine animal models to characterise the effect of 
the implanted biomaterials. The ovine condyle defect model is a widely used preclinical 
model for testing tissue engineering strategies at a clinically relevant scale in 
musculoskeletal research [48,49]. Sheep have cancellous and cortical bone and show 
similar bone remodeling and turnover rate as humans [14,50-52]. As no single animal model 
completely resembles human bone regeneration each species provided advantages and 
limitations [48,49]. In fact, the ovine condyle defect model has the advantages of an 
adequate defect size for the targeted application in a patient [14]. Therefore, these models 
are intended to be used as a simplified screening tool for the selection of promising tissue 
engineering strategies and biomaterials before applications in a more complex scenario. 
Regarding the extraction time points of both studies in Chapter 5, one limitation is the 
absence of monitoring of bone growth within the defect previous to the retrieval of the 
condyles. In vivo radiographic analysis (if not low-dose CT) would be beneficial in future 
studies to control bone healing within the defect [14,53]. 
The present thesis has focused on the application of DVC at tissue level based on high-
resolution microCT images of distinct bone structures subjected to compression load and/or 
high-energy irradiation. Nevertheless, the defined methodologies can be translated into other 
biological structures at different dimensional levels and under different loading scenarios. In 
that perspective, during the course of this PhD thesis, through collaboration with other 
institutions, the proposed approach has also been successfully implemented for the 
evaluation of the full-field strain distribution in other applications. At the nanoscale, the 
quantification of the anisotropy of the deformation of elephant dentin during quasi-static in 
situ nanoCT indentation and the relationships with the orientation of the tubules within the 
dentin (Figure 1) [54] was performed. Two studies have also been conducted combining 
time-lapse microCT and DVC; firstly, the 3D internal strains have been quantified in the 
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trabecular bone around lag screws, with increased levels of screw tightening in order to gain 
a deeper understanding on how the induced load is transferred to the surrounding bone 
during screw tightening (Figure 2) [55]. A second application consisted on the analysis of the 
full-field residual strains in the enamel-dentin interface of porcine teeth models as a result of 
ex situ brushing of teeth to better assess how the applied brushing forces may induce 
microdamage at the enamel-dentin interface (Figure 3) [56]. Finally, DVC has also been 
applied to clinical CT images to measure the deformation of lower limbs in load-bearing 
conditions (Figure 4) [57].  
 
Figure 1. (A) nanoCT orthogonal slices showing the alignment of the indenter and the 
orientation of the tubules relative to the indenter: 0° (top), 45° (centre) and 70° (bottom). Full-
field strain distribution in (B) indentation direction and (C) hoop direction as a function of the 
applied load for the three considered orientations. The strain in the indenting direction (A) is 
isotropic around the indenter tip, whereas axisymmetric in the hoop direction.  Adapted from 
[54]. 
 
Figure 2. (A) First (εp1) and (B) third (εp3) principal strain distributions within the peri-implant 
bone at 60% (left) and 100% (right) of the torque between head contact and maximum torque 
within the volume of interest for one analysed specimen. Highly strained areas were restricted 
to bone within 2-3 mm from the implant interface. Lower strain magnitudes were found in the 
proximal (P) region compared to the central (C) or distal (D) regions. Adapted from [55].  
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 Figure 3. Full-field maximum shear strain (γmax) at the enamel (exterior) and dentin (interior) 
interface after cumulative brushing time from (a) two minutes to (e) ten minutes. Maximum 
values are identified within the dentin and in correspondence with the microcrack identified after 
ten minutes of brushing (e) [56]. 
 
Figure 4. Full-field third principal strain (εp3) distribution in a 30-mm thick slice of distal human 
femur under apparent axial compression of 0.25% (left) and 0.5% (right) [57]. 
The recent advances in novel 3D imaging techniques, such as polarised second harmonic 
generation (SHG) microscopy [58,59], has allowed the extension of DVC methods to study 
3D deformation at cellular levels. In fact, DVC based on SHG images has been used for the 
study of cell-induced extracellular matrix deformations in 3D [60,61]. Although this 
application is certainly new, the results seem promising for the translation into novel tissue 
engineering strategies. In that perspective, the full-field deformation induced during bone 
regeneration by bone-forming cells could be evaluated with different biomaterials, gaining a 
deeper insight on how cell-mechanics promote bone formation. Undoubtfully, expanding the 
capabilities of DVC from tissue to cellular level to the study of bone regeneration will benefit 
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the development of novel biomaterials by observing the temporal changes in cell-matrix and 
tissue mechanics during the healing process. 
6.6. Conclusion 
In conclusion, the presented PhD project has led to a deeper understanding of bone 
regeneration, mechanical competence and deformation mechanisms of newly regenerated 
bone structures following different tissue engineering strategies, which is essential for the 
development and enhancement of novel osteoregenerative biomaterials. The combination of 
high-resolution microCT imaging, in situ mechanical testing and DVC has allowed the 
computation of 3D full-field strain distribution in bone-biomaterial systems and newly formed 
bone produced in vivo in order to characterise the microdamage initiation and progression 
and load-transfer ability of such structures. This experimental approach has shown to be 
useful for investigating the local mechanics of bone tissue during the healing process in 
relation to the regeneration achieved in vivo for a variety of biomaterials. 
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That the powerful play goes on, and you may contribute a verse.” 
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